Investigation of Structural Properties and their Relation to the Phase Transitions in Shape Memory Heusler Compounds by Devi, Parul
Investigation of Structural
Properties and their Relation to
the Phase Transitions in Shape
Memory Heusler Compounds
Dissertation





geboren in Meerut, India
Max Planck Institute for Chemical Physics of Solids Dresden
Fakultät Physik
Fakultät Mathematik und Naturwissenschaften
der Technischen Universität Dresden
2019

Tag der Einreichung: _._.2019
1.Gutachter: Prof. Dr. Claudia Felser
Festkörperchemie
Max-Planck-Institut für Chemische Physik fester Stoe
Nöthnitzer Str. 40, 01187 Dresden








Tag der Einreichung: _._2019
Dedicated to my mother
Versicherung
Hiermit versichere ich, dass ich die vorliegende Arbeit mit dem Titel Inves-
tigation of Structural Properties and their Relation to the Phase Transitions in
Shape Memory Heusler Compounds ohne unzulässige Hilfe Dritter und ohne
Benutzung anderer als der angegebenen Hilfsmittel angefertigt habe. Die aus
fremden Quellen direkt oder indirekt übernommenen Gedanken sind als solche
kenntlich gemacht. Die Arbeit wurde bisher weder im Inland noch im Ausland
in gleicher oder ähnlicher Form einer anderen Prüfungsbehörde vorgelegt.
Die vorliegende Dissertation wurde am Max-Planck-Institut für chemische
Physik fester Stoe unter der wissenschaftlichen Betreuung von Frau Prof. Dr.
Claudia Felser.
Ich erkenne die Promotionsordnung der Fakultät Mathematik und Naturwis-





The present thesis is devoted to the investigation of modulated structures as
well as the direct measurement of magnetocaloric eect (MCE) in Ni-Mn based
magnetic shape memory (MSM) Heusler compounds in pulsed magnetic elds
after analyzing isothermal entropy data taken in static magnetic elds. The
emphasis is on the modulated structure of MSM Heusler compounds because of
lower twinning stress which facilitates the easy transformation from austenite
to martensite structure. Synchrotron x-ray powder diraction (SXRPD) was
carried out to study the modulated structure and NPD for antisite disorder
as Ni and Mn have easily the same atomic scattering factor. Direct measure-
ment of the adiabatic temperature change ∆Tad was done in pulsed magnetic
elds, because of fast response of ∼10 to 100 ms to the sample temperature on
magnetic eld, providing adiabatic conditions. It also gives an opportunity of
very high magnetic elds up to 70 T because of short pulse duration during the
measurement.
The modulated structure has been studied for the o-stoichiometric
Ni2Mn1.4In0.6 and Ni1.9Pt0.1MnGa MSM Heusler compounds from SXRPD and
NPD. Ni2Mn1.4In0.6 exhibits martensitic transition at TM ≈ 295 K and Curie
temperature TC ≈ 315 K. Rietveld renement reveals uniform atomic dis-
placement in the modulated structure of martensite phase and the absence of
premartensite phase and phason broadening of the satellite peaks which was
further conrmed by HRTEM study. Therefore, the structural modulation
in Ni2Mn1.4In0.6 can be successfully explained in term of the adaptive phase
model. Whereas, Ni1.9Pt0.1MnGa shows the premartensite phase in addition to
the martensite and austenite phases and follows the soft phonon model. The
temperature dependent ac-susceptibility shows the change in slope at dierent
temperatures 365, 265, 230 and 220 K corresponding to the Curie temperature
TC, rst premartensite T1, second premartensite T2 and martensite temperature
TM, respectively. Temperature-dependent high resolution SXRPD data analy-
sis shows rst, a nearly 3M modulated premartensite phase with an average
cubic-like feature i.e. negligible Bain distortion of the elementary L21 unit cell
results from the austenite phase. This phase then undergoes an isostructural
phase transition 3M like premartensite phase with robust Bain distortion in
i
the temperature range from 220 to 195 K. Below 195 K, the martensite phase
appears which results from the larger Bain-distorted premartensite phase.
In this work, the magnetocaloric properties of Ni2.2Mn0.8Ga and
Ni1.8Mn1.8In0.4 magnetic shape memory (MSM) Heusler compounds were stud-
ied. Ni2.2Mn0.8Ga exhibits the reversible conventional MCE, measured from
isothermal entropy change ∆SM and adiabatic temperature change ∆Tad be-
cause of the geometric compatibility condition (GCC) for cubic austenite phase
to tetragonal martensite phase as a consequence of low thermal hysteresis of
the martensite phase transition. The reversible MCE has been conrmed by
applying more than one pulse in the hysteresis region at 317 K. Ni1.8Mn1.8In0.4
possess improved reversible behavior of inverse MCE due to the closely satisfy-
ing of GCC from cubic austenite to modulated monclinic martensite structure.
The maximum value of ∆SM has been found to the same for both heating and
cooling curves measured from isothermal magnetization M(T ) curves until a
magnetic eld of 5 T. The adiabatic temperature change ∆Tad results in a value
of ≈ 10 K by applying a magnetic eld of 20 T in a pulsed magnetic eld. Fur-
thermore reversible magnetostriction of 0.3% was observed near the rst-order
martensite phase transition temperatures 265, 270 and 280 K.
A reduction of thermal hysteresis has been found in MSM Heusler compounds
Ni2Mn1.4In0.6 and Ni1.8Co0.2Mn1.4In0.6 with the application of hydrostatic pres-
sure followed by GCC from pressure dependent x-ray diraction in both austen-
ite and martensite phase. By increasing pressure, the lattice parameters of
both phases change in such a way that they increasingly satisfy the GCC. The
approach of GCC for dierent kind of martensite structures (tetragonal, or-
thorhombic and monoclinic) will help to design new MSM Heusler compounds
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∆T strad Structural contribution to the adiabatic temperature change
∆Tmagad Magnetic contribution to the adiabatic temperature change
βmar Isothermal compressibility of martensite phase
βaus Isothermal compressibility of austenite phase
∆Siso Isothermal entropy change
∆Tmaxad Maximum adiabatic temperature change
∆Tt Shift of the transition temperature
∆V Volume change during the transition
CP Heat capacity at constant pressure
∆Thys Width of the thermal hysteresis
∆Sel Electronic entropy change
∆Tad Adiabatic temperature change
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TPM Premartensite transition temperature
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TA Austenite transition temperature
GCC Geometric compatibility condition
ac Lattice parameter of cubic phase
FWHM Full width at half maximum
FCC Field cooled cooling
FCW Field cooled warming
ZFC Zero eld cooling








The present thesis aims to provide a comprehensive study on the optimization of
the MCE in MSM Heusler compounds for application in magnetic refrigeration.
This thesis is organized as follows:
1.1 Motivation of Work
Conventional gas compression refrigeration technology uses chlorouorocarbons
(CFCs) and hydrochlorouorocarbons (HCFCs) as working uids, has raised se-
rious environmental concerns because of global warming [1]. Therefore, scientist
and engineers have expended a lot of research eort to replace this technology
from the other cooling technology, named as magnetic refrigeration (MR). MR
near room temperature (RT) is a relatively novel technique, which is based on
the MCE [2, 3]. The MCE results from the coupling of a system of magnetic
moments, which creates cooling or heating of a system with an external mag-
netic eld [4, 5]. This magnetocaloric phenomenon was rst discovered by Emil
Warburg in pure iron in 1881 [6]. The MCE is characterized by two param-
eters: (a) Isothermal entropy change ∆SM and adiabatic temperature change
∆Tad. The Isothermal entropy change ∆SM denes the amount of heat that can
be transferred in one cooling cycle and adiabatic temperature change ∆Tad is
related to the temperature span of the working device. These two quantities
should be as large as possible in small magnetic eld changes [7, 8].
Since, the most expensive part of a magnetocaloric cooling device is the mag-
netic eld source. So, the maximum volume should be utilized as eciently as
possible for applying the magnetic eld [4, 9]. Also, thermal conductivity of
the material should be maximized. The prerequisite for that is a good thermal
contact between the magnetocaloric material and heat exchange uid [7]. To
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enhance the heat exchange, it is important to use of ne structures of magne-
tocaloric material for obtaining a large surface area [8]. The magnetocaloric
material should contain no harmful element in order to keep low environment
impact. Thus for practical magnetic cooling applications, research is focused on
the development of new materials with appropriate properties [2]. The material
must also be capable to operate for millions of cycles without any fatigue and
the long-term corrosion resistance must be guaranteed too [10, 11].
Nowadays, there are several material families which belongs to the great po-
tential for applications in magnetic refrigeration [11, 12]. Gd is the benchmark
material with outstanding properties and used in most magnetocaloric demon-
strators [13, 14]. In 1997, Pecharsky and Gschneidner discovered another mate-
rial Gd5(Ge, Si)4, which has several times larger isothermal entropy change ∆SM
and comparable adiabatic temperature change ∆Tad to Gd [15, 16, 17]. Both Gd
and Gd5(Ge, Si)4 has the drawback that they contain heavy rare-earth element
Gd, which is very expensive. As an alternative, La(Fe, Si)13 material class was
developed [18, 19]. It also contains rare-earth element La, but it is much more
abundant than Gd. In La-based material family, the transition temperature and
the magnetocaloric properties can be precisely tuned to the desired temperature
range by compositional variation or the addition of Co, Mn and interstitial H
[20, 21]. After that, Fe2P-type compounds were discovered which contain no
rare-earth element. The rst intensively studied system in this material family
was Mn-Fe-P-As. It involves toxic As. Later, the toxic As element was replaced
by Si and Ge [22, 23, 24, 25].
Another rare-earth free material class are Ni-Mn based Heusler compounds,
which undergo a martensitic phase transformation [12, 26, 27, 28]. The marten-
sitic transition temperature can be easily tuned in a broad temperature window
by changing stoichiometry, substitution of an interstitial element and annealing
conditions [28]. In addition to that, these materials show large MCE near RT,
which make them outstanding and very promising for magnetic refrigeration
[28, 29]. However, the large thermal hysteresis around the martensitic transi-
tion creates irreversible MCE in cyclic operation, which made them less feasible
[26]. Recently, it has been shown that Ni-Mn based Heusler compounds show
modulated structure in martensite phase [27, 30]. The modulated structure
has lower twinning stress which can make an easy movement of material from
2
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martensite to austenite and so that it can facilitate the reversible MCE in cyclic
operations. Therefore, it is necessary to understand the origin of modulation
in these compounds for improving the reversibility of MR [27, 29]. The aim of
this thesis is devoted to study the origin of modulated structure in Ni-Mn based
MSM Heusler compounds. It also focus on the reduction of hysteresis by chem-
ical and physical pressure with the measurement of MCE in pulsed magnetic
eld.
1.2 Organization of Thesis
The organization and motivation behind the PhD research work are outlined in
Chapter 1. In Chapter 2, an initial introduction of HeusIer compounds promis-
ing for MCE has been given. MSM HeusIer compounds show the modulated
structure in martensite phase which is studied from SXRPD and can be anal-
ysed by Le Bail renement initially and then Rietveld renement using FullProf
software. The analysis steps for Le Bail and Rietveld renement has been shown
in owchart. This is followed by sample preparation and detailed experimental
descriptions of the modulated structure from XRD and magnetocaloric mea-
surements in pulsed magnetic elds. A short overview of other experimental
techniques used in this thesis, including NPD, SEM, magnetization, magne-
tostriction and magnetocaloric measurements in Chapter 3 has been given.
Chapter 4 explains the modulated structure by using both models: adap-
tive phase model and soft phonon model in two dierent Ni2Mn1.4In0.6 and
Ni1.9Pt0.1MnGa MSM Heusler compounds. Ni2Mn1.4In0.6 shows 3M modulated
martensite structure only whereas, Ni1.9Pt0.1MnGa shows both premartensite
and martensite structure. The nature of modulated structure was studied using
high resolution SXRPD and NPD as a function of temperature and analysed
on the basis of (3 + 1) −D crystallography. Chapter 5 presents the structure,
magnetic and MCE analysis in pulsed magnetic eld inspired by a recent theo-
retical study of GCC. Chapter 6 focuses on the hydrostatic pressure study for
reducing the hysteresis in two dierent Ni2Mn1.4In0.6 and Ni1.8Co0.2Mn1.4In0.6
MSM Heusler compounds. It deals with the pressure dependent XRD and mag-
netization. Last chapter 7 describes the conclusion drawn from this PhD work
3
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as well as recommendation regarding future work.
4
2 Fundamental Background
This chapter gives a theoretical background of Heusler compounds, analysis of
modulated structure using (3+1)−D superspace group approach and MCE. The
modulated structure in Ni-Mn based Heusler compounds can be explained by
two models, adaptive phase model and soft phonon model [27, 30, 31, 32]. Ni-Mn
based Heusler compounds exhibit giant MCE at the rst-order phase transition
which shows thermal as well as magnetic hysteresis. Hysteresis in these materials
creates irreversibility for the succesive magnetic eld cycles, which reduces the
eciency of solid-state energy ecient refrigerants. Recently, James and co-
workers [33] have shown that this hysteresis can be reduces by approaching the
GCC. In this thesis, GCC has been explained for dierent kind of austenite
and martensite phases. After that, detailed thermodynamics of MCE with the
measurement methods has been explained. Finally, a chapterwise overview of
this thesis is given.
2.1 Heusler Compounds
In the 19th-century, a German mining engineer and chemist discovered the rst
ferromagnetic Heusler compound Cu2MnAl [31, 32]. Nowadays more than 1500
Heusler compounds can be prepared and are shown for dierent elds. The
structure of Heusler compounds [X2YZ (full Heusler, L21 cubic crystal structure)
and XYZ (half Heusler, C1b cubic structure)] are shown in Fig. 2.1(a) and (b)
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The detailed study of crystal structure is essential in order to understand the
properties and to correlate the theoretical prediction with experimental results.
Interestingly, the properties of many Heusler compounds can be predicted only
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Figure 2.1: Heusler crystal structures (a) half Heusler (C1b) and (b) full
Heusler (L21) drawn by vesta software.
by counting the number of valence electrons. Nonmagnetic Heusler compounds
with 27 valence electrons are superconducting. Intermetallic Heusler compounds
are an exciting class of materials from both fundamental and application point
of view. For full Heusler compounds X2YZ, there are four formula units per
unit cell. So, the magnetic moment in terms of Bohr magnetons, µB, is given
by:
mxyz = NV − 24 (2.1)
In half Heusler compounds, there are three formula units per unit cell results in
magnetic moment in Bohr magnetons µB by:
mxyz = NV − 18 (2.2)
where, NV is the number of valence electrons [32].
Heusler compounds show fascinating scientic phenomena and fundamen-
tal properties such as superelasticity, giant-caloric (magneto-, baro- and elas-
tocaloric) eects [12, 34], spin glass behavior [35], large magnetoresistance [36],
large perpendicular magnetic anisotropy [37], large canting angle between mag-
netic moments [38] and exchange bias eect [39, 40, 41, 42]. These properties
make them promising for novel application in the eld of energy conversion,
sensor and actuator devices [15]. Ni-Mn based Heusler compounds are one
6
2.1 Heusler Compounds
group of materials showing all these properties. The functional properties in
these Heusler compounds are associated with rst-order diusionless martensitic
phase transition, during which the high temperature and high symmetry cubic
austenite L21 phase transforms to low temperature and low symmetry marten-
site phase. The low temperature composition dependent martensite phase may
be tetragonal, orthorhombic, or monoclinic [32, 43]. To choose a suitable com-
pound for MCE from Heusler family, there are some properties to keep in mind.
The suitable material for MCE should have rst-order phase transition with
negligible hysteresis and large magnetic moment. The rst-order martensitic
transition should also be sharp. The materials which show all these properties
will result in large isothermal and adiabatic temperature change i.e. large MCE.
Usually, the magnetic moment in Heusler compounds can be understood from
the Slater-Pauling rule [28, 31, 32].
In 1996, the discovery of large magnetostrain in a single crystal of stoichiometric
composition Ni2MnGa had drawn attention to Ni-Mn based Heusler compounds
[44, 45]. A magnetic eld induced strain of ≈ 0.2% was observed in Ni2MnGa.
Later, a large strain of ≈ 10% was observed in a slightly dierent composition
of Ni-Mn-Ga by applying the magnetic eld of 1 T under ambient pressure [46].
The larger value of strain in Ni-Mn-Ga in comparison to other materials like
lead-zirconate-titanate (PZT) and rare earth materials made them more feasi-
ble in the applications of actuators and sensors [47]. During the same time, the
MCE was also observed in o-stoichiometric composition of Ni-Mn-Ga [48, 49].
Recently, both the direct and inverse MCE was observed in Ni2+x-Mn1−x-Z
(Z=Sn, In, Sb) based Heusler compounds [29, 50, 51]. Direct MCE means that
the sample heats up under the application of a magnetic eld, whereas if it
cools down by applying magnetic eld, it is called inverse MCE. The advantage
of Ni-Mn based Heusler compounds is that they do not include a rare earth
element. Furthermore, the transition temperature in these materials can be
tuned in broad temperature window by changing composition and annealing
temperature [52]. The annealing temperature also plays an important role in
determining the crystal structure. For instance, Ni2Mn1.4In0.6 crystallizes in
a cubic lattice i.e. no structural transformation including structural transfor-
mation from cubic to monoclinic modulated structure for dierent annealing




MCE is intrinsic to all magnetic materials. However, this value will be high
at the rst and second-order phase transition. For rst-order phase transition
both lattice entropy (due to the structural phase transition) and magnetic en-
tropy contributes to MCE whereas only magnetic spin alignment participates in
second-order phase transition. The large MCE around RT in Gd and Gd5Si2Ge3
revived scientic and technological interest in magnetic refrigeration [16]. The
drawback for Gd based materials was that they contain heavy rare earth ele-
ments, which are very expensive. As an alternative, La (Fe, Si)13 was developed,
including the rare earth element La which is more abundant and cheaper than
Gd [20, 21]. The MCE and transition temperature in this material can be tuned
by varying the composition or adding of Co, Mn and interstitial H [23, 24, 26].
The MCE was also observed in Mn-Fe-P-As based systems, but they include
toxic As. However, the toxic As was replaced by Si and Ge [22, 25].
Among the promising materials studied for MCE, Ni-Mn based Heusler com-
pounds are most attractive candidates with rst-order magnetostructural phase
transitions. The magnetostructural transition temperature TM and Curie tem-
perature TC of these compounds can be widely adjusted by doping with Co,
Fe or Cu [12]. The rst-order martensitic transition in Heusler compounds is
composition dependent. Fig. 2.2 shows the adiabatic temperature change at TC
and TM for dierent kind of materials. The potential materials should have the
following characteristics:
(a) large magnetic moment,
(b) little to no thermal and magnetic hysteresis,
(c) environment friendly material,
(d) aordable, abundant and easily synthesized material,
(e) large MCE near RT at reasonable magnetic eld (H < 2 T),
(f) little to no thermal expansion and contraction,
(g) appropriate thermal conductivity and electrical resistivity to minimize eddy
currents,
(h) solubility (low brittleness, corrosion and solubility).
Figure 2.3 shows the value of adiabatic temperature for dierent kind of mate-
rials at a magnetic eld of 2 T.
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Figure 2.2: Schematic shows the MCE contributions (lower part) from the
magnetic (upper part) and structural part (middle part) of rst-order phase
transition. `S' is the south pole and `N' is the north pole of a magnet. Taken
from Ref. [12].
2.2 Modulated Structure
Interestingly, Ni-Mn based Heusler compounds show the modulated structure
in the low temperature martensite phase [34, 54, 55]. Modulated structures
are dened as such in which atoms or group of atoms are shifted or rotated
with respect to their neighbors so that the three-dimensional translational sym-
metry is broken. However the shifts and rotations in modulated structure are
9
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Figure 2.3: Adiabatic temperature change at TC (second-order phase transi-
tion, hatched pattern) and TM (rst-order phase transition, solid ll pat-
tern) for dierent kind of magnetic materials at 2 T magnetic eld. Taken
from Ref. [12].
not arbitrary; they follow an additional periodicity which can be described by
atomic modulation functions (AMFs). AMFs are continuous, so that they can







Here, Ajn and B
j
n are the Fourier amplitudes of the displacement modulation
of the jth atom and n is the order of the Fourier series, which is taken as
equivalent to the order of the satellite reections.
The additional periodicities of modulated structure results in additional sharp
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peaks in the diraction pattern, just as Bragg reections due to the periodic
term of three dimensional crystals. These additional peaks are known as satellite
reection and the intensity of these satellite reections are weaker than main
reections. The positions of Bragg reections for modulated structure are given
as
Q = ha∗ + kb∗ + lc∗ +mq = H +mq (2.4)
Here, q is modulation vector, given as: q = q1a∗+ q2b∗+ q3c∗ and m is the order
of satellite reection (m = 1, 2, 3......).
If all q′s are rational then the structure is commensurate and if at least one of
them is irrational then the structure is incommensurate [56].
The modulated structure has lower twinning stress, which results in small in-
terfacial energy at magnetostructural transition. So, an easy movement of twin
boundary from the low temperature martensite to high temperature austenite
phase takes place. This energy barrier is manifested in term of latent heat and
thermal/magnetic hysteresis of transition. Smaller energy barrier leads to im-
proved reversible MCE [34]. Therefore, the current research in MCE focuses
on minimizing the thermal hysteresis to improve reversibility and thus the e-
ciency of prospective applications.
In literature, two models are proposed to explain the modulated structure. One
is the adaptive phase model and another is the soft phonon model. In adaptive
phase model, the modulated structure is considered as a nanotwinned state of
Bain distorted phase. All the atoms have uniform atomic displacement and mod-
ulation wave vector q is rational. So, the structure is commensurate. Whereas in
soft phonon model, the modulated structure results from the phonon softening
and all the atoms have non uniform atomic displacement with incommensurate
nature of modulation. However, the modulated structure can be incommensu-
rate because of nanotwinned state of Bain distorted phase [27, 55].
2.2.1 Analysis of Powder Diraction Data
The powder diiraction data analysis was done by Le Bail and Rietveld rene-
ment using Jana2006 and FullProf software [57, 58, 59]. In 1967, H. Rietveld
introduced a program which uses full information for least square renement to
match the observed and calculated intensities by adjusting the physical parame-
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ters like unit cell parameters, temperature factor, atomic positions, composition,
instrumental parameters as well as strain. The calculated peak intensities for
the entire diraction pattern are given by the following formula:
yci = S
∑
Lk|Fk|2φ(2θi − 2θk)PkA+ Yb(i) (2.5)
where, S is the scale factor, k represents the miller indices for h, k, l Bragg
reections. Lk contains the Lorentz, polarization and multiplicity factor. Fk
denotes the structure factor for kth Bragg reection. The preferred orientation
function is denoted by Pk and Yb(i) is the background intensity at the ith step.
The minimized function is:
χ =
∑
wi(yi − yci)2 (2.6)
where, wi = 1/yi,
yi = observed (gross) intensity at the ith step.
yci = calculated intensity at the ith step.
The powder diraction reection shape is inuenced by both the sample and
the instrument and varies as a function of 2θ. Among, the various peak shape
functions, the most widely used shape is pseudo-Voigt. The pseudo-Voigt
function is a linear combination of Lorentzian and Gaussian components in the
following ratio.
pV = ηL+ (1− η)G (2.7)
where, η is the pseudo-Voigt mixing parameter. The full width at half maxima
(FWHM) of Bragg peak is expressed as
(FWHM)2 = U tan2 θ + V tan θ +W (2.8)
where, U, V and W are half width parameters, also knowns as prole shape
parameters.
In Rietveld method, the quality of renement between observed and calculated

















Expected weighted prole factor:




where, N is the number of points that was used in the renement, given as:
(N = NPTS −NEXC)
NPTS: total number of points in the pattern,












The best t is observed when the value of χ2ν is close to 1. However, the relia-
bility of tting should be conrmed from the comparison of observed and rened
pattern. Also, all physical parameters should be realistic. Before starting the
renement, it is important to have an approximate idea about the experimental
condition (for example zero shift and resolution function of the instrument) and
sample information (unit cell parameters and prole broadening function). To
get realistic parameters, renement should be done in sequence. In rst step,
lattice parameters and scale should be rened. After rening these parameters,
other parameters should be rened by keeping the lattice parameters xed to
avoid possible large zero shift [57, 59, 60].
In 1988, A. Le Bail has introduced an idea that Rietveld method can be used to
rene the reection intensities without a structural model, which is known as Le
Bail renement. It requires only space group, approximate lattice parameters
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Figure 2.4: Flowchart for the analysis of x-ray powder diraction data for a
modulated structure.
and prole shape information. It is useful technique for samples with unknown
crystal structure, where no information is reported in the literature. The data
input for Le Bail tting is much simpler and it enlarges the eld of application
for prole renement. So, it is necessary to have information about the unit cell
and prole shape parameters from Le Bail renement before doing the Rietveld
renement [58].
Fig. 2.4 shows the procedure which was followed for the analysis of powder
diraction of modulated structure. In rst step, the whole diraction pattern
was tried to t with a 3−D structure. If Le Bail tting index includes all Bragg
peaks, then Rietveld tting has been performed. For commensurate modulated
structure, Rietveld tting is satisfactory and the atomic positions are obtained
[61]. If some of the Bragg peaks could not be indexed in the diraction pattern
then superspace (3 + 1) − D approach is followed [62, 63]. In this approach,
initially main reections corresponding to the basic structure were indexed and
then a q vector was provided to index the satellite reections. Le Bail tting is
required to rene the basic unit cell and initial q value. After getting the best
t from Le Bail renement, Rietveld renement was used to rene the atomic
position and amplitude modulation function. Once the best goodness of t
(GOF) is obtained, further analysis can be done to obtained other parameters
such as nearest neighbour distance from t plot. Both commensurate and incom-
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Figure 2.5: Schematic of the unit cell for dierent kind of structures (a)
austenite, (b) body centred tetragonal(bct) martensite, (c) 3M premarte-
site, (d) 5M marttensite and (e) 7M martensite superstructures. Taken
from Ref. [34].
mensurate modulated structure are analysed through (3+1)−D approach [63].
Fig. 2.5 shows the unit cell for dierent kind of modulated structures. Ni-Mn
based Heusler compounds show 3M , 5M and 7M modulated structure. This
representation is based on the number of satellite spots between the neighboring
austenite peaks of L21 type austenite phase [27].
2.3 Geometric Compatibility Condition
Recently, James and co-workers [33, 64, 65, 66] have established a theoretical
condition to reduce the hysteresis for improving reversibility of shape memory
15
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alloys. The solid to solid rst- order martensitic phase transformation is diu-
sionless. The lattice has dierent structure at higher and lower temperature.
Since, the martensitic transformation is diusionless. Therefore, there is no re-
arrangement of atoms and one structure can be obtained from the deformation
of the other. As a consequence of thermal expansion, the lattice vectors depend
upon temperature θ also. However, thermal expansion is negligibly small com-
pared to the lattice distortion. Therefore, the lattice vector of austenite and
martensite phase are related by a deformation. The relation between lattice




Here, U describes the homogeneous deformation from austenite phase to
martensite phase. This is called deformation matrix or Bain matrix. eai is the
lattice vector of austenite phase and emi the lattice vector of martensite phase
[67].
In general, the diusionless martensitic transformation occurs by cooling the
material that undergoes structural transition from a high symmetry austenite
phase to low temperature martensite phase by shear deformation. The atoms
move with respect to their neighbours. Therefore, it is also known as military
transformation. To minimize the strain energy, an interface between the marten-
site and austenite phase become an undistorted and unrotated plane (invariant
plane or habit plane). Mostly, shape memory alloys show cubic austenite to
tetragonal, orthorhombic or monoclinic transformation. In this thesis, GCC
has been discussed for cubic austenite to tetragonal, orthorhombic and mono-
clinic martensite phases [67].
2.3.1 Cubic Austenite to Tetragonal Martensite
If the transformation is from cubic austenite to tetragonal martensite, then
there will be 3 martensite variants. This kind of transformation was observed in
InTl disordered alloy [67]. It has face-centered cubic Bravais lattice in austenite
phase and face-centered tetragonal lattice in martensite phase. The martensite
variants for face-centered cubic to face-centered tetragonal described as follows:
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U1 =
β 0 00 α 0
0 0 α
 U2 =
α 0 00 β 0
0 0 α
 U3 =
α 0 00 α 0
0 0 β
 (2.15)
Here, the transformational stretches α and β are calculated from the
lattice parameters of face-centered cubic austenite and face-centered tetrago-
nal martensite phases. These transformational stretches are given as α = aF
a0
and β = cF
a0
, the superscript F stands for face-centered tetragonal structure [67].
All these matrices have the same determinant which represents the volume
change between two phases. The compatibility between two phases is dened
from the value of the determinant of transformation matrix [67, 68]. To be
an exact compatible interface, the determinant of this transformation matrix
should be one [67].
2.3.2 Cubic Austenite to Orthorhombic Martensite
In case of cubic to orthorhombic transformation, there are two types of trans-
formation. One transformation may be described as follows: rst cut a body
centered tetragonal cell from two adjacent austenite cells and then stretch it un-
equally along the three edges of this tetragonal cell. By doing this, one will get
the orthorhombic martensite unit cell. The second transformation from cubic
to orthorhombic is described from the axes of orthorhombic symmetry, which
is obtained from 〈110〉 cubic axes. The numbers of martensite variants in both
cases are same i.e. 6. However, the deformation matrix will be dierent.
In rst case, the deformation matrix is given as:
U1 =
δ 0 ε0 β 0
ε 0 δ
 U2 =
 δ 0 −ε0 β 0
−ε 0 δ
 U3 =




 δ −ε 0−ε δ 0
0 0 β
 U5 =
β 0 00 δ ε
0 ε δ
 U6 =
β 0 00 δ −ε
0 −ε δ
 (2.16)













in an orthonormal basis parallel to the edges of the cubic unit
cell [65].
There is another cubic to orthorhombic transformation in which the axes of or-
thorhombic symmetry are obtained from 〈110〉 cubic axes. However, this kind of
transformation has not been observed so far in any material. The determinant
and eigenvalues of these matrices are the same. To get an exact interface be-
tween cubic austenite and orthorhombic martensite, the determinant and middle
eigenvalue of the transformation matrix should be one, which is known as GCC
for cubic austenite to orthorhombic martensite phase [67].
2.3.3 Cubic Austenite to Monoclinic Martensite
There are two types of monoclinic martnsite transformation. One monoclinic
martensitic transformation comes from 〈110〉 cubic transformation. Another
one comes from the transformation in which the axis of monoclinic symmetry
is along 〈100〉 cubic direction. The number of martensite variants from cubic
austenite to monoclinic transformation are 12. The deformation matrix along
〈110〉 cubic direction is given as:
U1 =
γ ε εε α δ
ε δ α
 U2 =
 γ −ε −ε−ε α δ
−ε δ α
 U3 =




 γ ε −εε α −δ
−ε −δ α
 U5 =
α ε δε γ ε
δ ε α
 U6 =




 α −ε −δ−ε γ ε
−δ ε α
 U8 =
 α ε −δε γ −ε
−δ −ε α
 U9 =




 α δ −εδ α −ε
−ε −ε γ
 U11 =
 α −δ ε−δ α −ε
ε −ε γ
 U12 =
 α −δ −ε−δ α ε
−ε ε γ
 (2.17)
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whereas, the deformation matrix along 〈100〉 cubic direction is given as:
U1 =
τ σ 0σ ρ 0
0 0 β
 U2 =
 τ −σ 0−σ ρ 0
0 0 β
 U3 =




 ρ −σ 0−σ τ 0
0 0 β
 U5 =
ρ 0 σ0 β 0
σ 0 τ
 U6 =




τ 0 −σ0 β 0
σ 0 ρ
 U8 =
 τ 0 −σ0 β 0
−σ 0 ρ
 U9 =




β 0 00 τ −σ
0 −σ ρ
 U11 =
β 0 00 ρ σ
0 σ τ
 U12 =
β 0 00 ρ −σ
0 −σ τ
 (2.18)



























The cubic lattice parameter is denoted as a0, whereas a, b, c and β are lat-
tice parameters of monoclinic unit cell. N is the degree of modulation. All
these matrices give the same value of determinant as well as eigenvalues. The
determinant represents the volume change and eigenvalue indicate the transfor-
mation stretch from one side relative to another. For an invariant habit plane
between cubic austenite and monoclinic martensite, the middle eigenvalue of
the transformation matrix should be one, which is known as GCC of monoclinic
martensite phase [67].
2.4 History and Technology Advances of MCE
In 1905, Langevin predicted theoretically that a paramagnet should change its
temperature under the application and removal of magnetic eld [69]. After
few years later, Weiss and Picard experimentally observed this eect in Ni, so
called MCE [70]. To utilize this eect for cooling at low temperatures, further
predictions have been made by Debye and Giaque [70]. Following this year, it
was possible to reach temperatures below 1 K by using paramagnetic salts [71].
In 1976, Brown reached the next milestone for magnetic refrigeration [72]. He
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built the rst magnetocaloric demonstrator which was working at RT with a
magnetic eld of 7 T and can produce a temperature span of 47 K [72]. During
that time, the magnetocaloric materials were not used as a regenerator which
means that the temperature span was produced only in uid and it was the same
over its whole length. Following this, in 1982, Barclay and Steyert introduced
the active magnetic regenerator (AMR) which uses magnetocaloric material to
develop temperature gradient during operation, referred to as regenerator [73].
Large temperature spans can be achieved by using a simple layer or a stack of
dierent magnetocaloric materials. Nowadays, every prototypical device works
on the principle of AMR [5]. MCE is dened as heating or cooling of magnetic
material in the presence of magnetic eld and characterized by isothermal
entropy ∆Siso and adiabatic temperature change ∆Tad [74]. Over the years the
nature and behavior of MCE as a function of temperature and magnetic eld
is the subject of special interest for many experimental and theoretical studies
[15, 69, 75, 76]. In recent past, the fundamentals of the MCE are developed
quite well [15, 77]. Even today, research remains an important issue on the
magnetothermal phenomenon from both theory and experiment point of view.
2.4.1 Thermodynamics of MCE
The MCE is the result of entropy variation arising from the coupling of the
magnetic spin system of the solid in applied magnetic eld. It is intrinsic to all
magnetic materials. The total entropy, Stot, of magnetic material is the sum of
magnetic SMag, lattice Slat and electronic Sel entropies at constant pressure [74].
Stot(H,T ) = SM(H,T ) + Slat(H,T ) + Sel(H,T ). (2.19)
In materials, where the magnetism is due to the localized magnetic moment,
e.g. lanthanides, the total entropy is the sum of all three (Smag, Slat, and Sele)
entropies, respectively. However, in solids with itinerant magnetism and/or 3d
magnetism the three contributions to the entropy is not straightforward. In
Heusler materials, the magnetic entropy strongly depends on magnetic eld,
while lattice and electronic entropies are independent of magnetic eld.
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Suppose that, we have a piece of magnetic material and magnetic moments
inside it are randomly oriented. There are two ways to apply the magnetic
eld (a) isothermal process and (b) adiabatic process. If we apply the magnetic
eld isothermally (T = const.), applied magnetic eld would tend to align the
magnetic moment and thus decreases the magnetic entropy ∆Smag < 0. The
decrease in magnetic entropy results in decrease for total entropy of the mag-
netic system ∆Stot < 0. In an adiabatic process the total entropy of the system
should remain constant (Stot = const.). To fulll this condition, ∆Stot = 0, the
lattice and electronic entropy must increase by ∆(Slat + Sele) = −∆Smag. How-
ever, the contribution of electronic entropy is smaller in comparison to lattice
entropy. The increase of lattice entropy results in temperature increment of the
sample ∆Tad > 0. Conversely when the magnetic eld is removed, the magnetic
moment tends to randomize. The randomization of magnetic moment results an
increment in magnetic entropy and decrease in lattice entropy as well as sample
temperature ∆Tad < 0. Both isothermal and adiabatic processes are shown in
Fig. 5.
Isothermal process is dened as ∆ST = S(T,B) − S(T, 0) < 0 whereas adi-
abatic process is given by the following equation ∆Tad = T (S,B) − T (S, 0) >
0. In classical thermodynamics, a system can be characterized by various ther-
modynamic parameters such as pressure (P ), temperature (T ), and Gibbs free
energy (G) associated with the system. If we apply a certain amount of heat
dQ to the system, this heat will not only increase the temperature of the sys-
tem but also increases its internal energy by dU , it will enable the system to
perform some work, dW = pdV , on its environment and nally the magnetiza-
tion may decrease due to the added heat, −µ0HdM [78]. From the rst law of
thermodynamics, the state of the system is given by:
dQ = dU + pdV − µ0HdM. (2.20)
According to the second law of thermodynamics for a reversible process,
dQ = TdS, (2.21)
and by using Eq. (2.20) and Eq. (2.21), the internal energy change for a magnetic
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Figure 2.6: Schematic of (a) isothermal and (b) adiabatic process of the mag-
netocaloric eect. Isothermal process (T = const.) leads to a negative
entropy change ∆SM, while adiabatic process (S = const.), gives a positive
change in temperature ∆Tad under the application/removal of magnetic
eld.
material is expressed by:
dU = TdS − pdV + µ0HdM. (2.22)
The measurement of entropy is dicult because it contains the term TdS. So,
it is more convenient to express the energy by using parameters such as T , p,
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and H. Thus, the Gibbs free energy is dened as:
G ≡ U + pV − TS − µ0HM. (2.23)
By taking the dierential of Eq. (2.23) and inserting the internal energy, dU ,
from Eq. (2.22), the Gibbs free energy can be expressed as
dG = dU + pdV + V dp− (TdS + SdT )− (µ0HdM + µ0MdH)
= TdS − pdV + µ0HdM + pdV + V dp− TdS − SdT − µ0HdM − µ0MdH



















From an elementary theorem of calculus, two mixed second partial derivatives
of G with respect to T and H are equal. According to Maxwell, the relation
between the temperature derivative of the magnetization and the eld derivative


































By integrating both sides and rearranging the terms in Eq. (2.27), the isothermal













This equation indicates that the magnetic entropy change is proportional to the
derivative of the magnetization with respect to temperature at constant eld























where x is the constant parameter. By using the second law of thermodynamics,








Considering an adiabatic process (dQ = TdS = 0) and by using above Maxwell
relation (Eq. (2.27)) and Eq. (2.31), due to a change in magnetic eld, the










Now, by integrating Eq. (2.32) from the initial eld HI to the nal eld HF , the












By analyzing Eqs. (2.28) and (2.33), some general information about the
behavior of the MCE in solids with a second-order phase transition can be
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Figure 2.7: Schematic diagram of the temperature dependence of direct and
inverse MCE with thermal hysteresis in Heusler compounds.
achieved [79, 81].
2.4.2 Direct (Conventional) and Inverse MCE
If the sample temperature increases by applying a magnetic eld, it is called
direct or conventional MCE whereas, if the sample temperature decreases upon
the application of magnetic eld, this is called inverse MCE. In Ni-Mn based
MSM Heusler compounds, the occurrence of temperature change with magnetic
eld not only depends on the rapid change of magnetization with temperature
but also on the shift of rst-order magnetostructural transition temperature Ttr
induced by applying an external magnetic eld. If the magnetic eld is applied
adiabatically to a sample initially at temperature Ti, the magnetic eld causes
it to warm up to a nal temperature Tf with increase in Ttr called conventional
MCE. On the otherhand, the adiabatic application of magnetic eld to a sample
at Ti causes it to cool to Tf with decrease in Ttr, known as inverse MCE. Both
eects rely on the shift in Ttr on applying magnetic eld [79, 81].
2.4.3 Magnetic Refrigeration Process
Figure 2.8 shows the schematic for magnetic refrigeration cycles. The process
completes in four steps.
In step (a) we have a piece of magnetic material. All the spins are randomly
oriented in the absence of a magnetic eld. As the process moves from (a) to
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Figure 2.8: Schematic of the magnetic refrigeration cycle. Taken from Ref.
[28].
(b) the spins get aligned by applying a magnetic eld under adiabatic condition
and as a result the temperature of the sample increases because of the MCE.
When the process moves from (b) to (c), then the absorbed amount of heat is
removed by water or uid like helium and it comes again to temperature T.
In the last steps from (c) to (d) the temperature of the sample decrease after
removing the magnetic eld because of MCE. At stage (d) the sample is cold
enough to take heat from environment or external load. In this way one cycle
completes and again a new cycle starts [5].
26
2.5 Measurements of the MCE
2.5 Measurements of the MCE
The MCE can be measured in two ways. (a) Direct measurement and (b)
Indirect measurement. These two methods are described as follows:
2.5.1 Direct Measurements
Direct methods are dened as the temperature dierence of the initial (TI)
and nal (TF) temperatures of a material while the external magnetic eld is
varied from an initial (HI) to a nal value (HF) under adiabatic condition. For
direct measurement, the sample temperature change can be monitored either
contact technique, i.e., a direct thermal contact between sensor and the sample,
suitable for strong magnetic eld and large temperature changes,[82, 83, 84],
or non-contact technique, which is based on the thermoacoustic principle. A
sample with a periodically changing surface temperature induces exponentially
decaying pressure waves which can be detected by a sensitive microphone. It
is suitable for weak magnetic elds and small temperature dierence [17, 85].
Direct measurement requires adiabatic condition which needs a suciently fast
magnetic-eld change. Two common ways to accomplish these measurement
are: (1) measurements on xed samples by changing the magnetic eld (i.e.,
charging/discharging the magnet) [83] and (2) by moving the sample in and out
of a constant magnetic eld [84]. The electromagnet produces a magnetic eld
strength of 2 T. The permanent or superconducting magnets limits the magnetic
eld range to 0.1 − 10 T [17]. In this thesis, ∆Tad has been measured directly
using a contact technique (sample surface is connected with the thermocouple)
in pulsed magnetic elds up to 50 T with a magnetic eld rate of 2000 T/s.
This technique is described in chapter 3.
2.5.2 Indirect Measurements
Direct MCE measurements, give only the adiabatic temperature change while
indirect techniques allow: (1) the calculation of both ∆Tad and ∆SM from an




Most of the MCE studies are based on magnetization measurements by mea-
suring M(T ) at dierent magnetic elds and M(H) at dierent temperatures
[113, 114, 116]. These magnetization curves are used to calculate ∆SM by numer-
ical integration of Eq. (2.28). An estimated error of ∆SM calculated fromM(T )
and M(H) measurements depends on the accuracy of the magnetic moment
measurements as well as the magnetic-eld and temperature intervals. Thus,
the numerical integration and replacing the exact dierentials in Eq. (2.28) (dM ,
dT , and dH) by the measured variations (∆M , ∆T , and ∆H), the error using
this technique is in the range of 3− 10% [86].
A complete characterization of the MCE is provided by measuring the heat
capacity as a function of temperature in constant magnetic elds, C(T )H . The












dT + S0,HF , (2.34)
where S0,HI and S0,HF are the zero-temperature entropies. In a condensed sys-
tem S0,HI = S0,HF [87]. Therefore, both ∆Tad(T ) and ∆SM(T ) can be obtained
by ∆Tad(T ) ≈ [T (S)HF − T (S)HI ] and ∆SM(T ) ≈ [S(T )HF − S(T )HI ], respec-
tively [17, 88, 89]. The accuracy of both ∆SM(T ) and ∆Tad(T ) measurements
calculated from heat-capacity data depends on the accuracy of the C(T )H mea-
surements.
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Characterization Techniques
To study the condensed matter physics, the rst step to take is the synthe-
sis of materials. Bulk polycrystalline materials were prepared and character-
ized concerning the modulation and their MCE study from various techniques
are presented in this thesis. Polycrystals have random crystalline orientation
which facilitates the observation of all possible diraction peaks in powder x-
ray diraction. The averaged temperature dependent magnetization behavior
for polycrystalline materials is closer to an ideal Curie-Weiss behavior in com-
parison to single crystals [90]. Polycrystalline MSM Heusler compounds were
prepared by arc melting and induction melting techniques and then character-
ized by the measurement techniques as described in this chapter.
3.1 Sample Preparation Methods
The studied polycrystalline Heusler samples were prepared by both arc melting
and induction melting techniques under an Ar atmosphere from high purity
elements (99.99%). In order to keep the nal composition nominal, an excess
amount of 2-3% Mn was added because of the high vapor pressure of Mn for arc
melting. However, there is no need for excess amount of Mn in case of induction
melting. To ensure the homogeneity, as-cast ingots were turned and remelted
5 times. After melting the ingot, the observed mass loss was negligibly small
(less than 1%). The prepared ingots after melting were wrapped inside Mo foil
to prevent oxidation and placed inside a quartz tube under an Ar atmosphere
of 2 mbar and subsequently annealed at dierent temperature 700 - 900◦C and
1-5 days for the required phase formation.
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3.1.1 Arc Melting
The arc melting furnace consists of four main sections: the chamber, the vacuum
pump (turbo pump), the water and the electrical power supply. The chamber
contains four copper stages. In the rst step the copper stages are disconnected
from the chamber and cleaned by alcohol and sandblasting. One of the copper
stages is loaded with Ti as getter to prevent oxidation. The other three copper
stages are loaded with weighed materials, usually consisting of granules and foil
to be melted and are reconnected with the chamber. Afterwards the system
is evacuated and then lled by Ar three times. Then a small pressure of Ar
is lled into the chamber before power supply and water supply was turned
on. The water supply was used to cool the copper stages. The tungsten tip
is lowered to touch the material on the copper stage and the tip is constantly
moved uniformly over the whole area containing the material. The melted ingots
are turned over and remelted three times to achieve a homogeneous ingot. After
melting, the electric power supply was turned o and later on the water supply
was also turned o when the ingots were cooled down. The melted ingots were
taken out from the chamber. This technique allows to achieve the temperatures
up to 3000◦C.
3.1.2 Induction Melting
Induction melting is a simple technique that can be used to melt intermetallic
materials with lower melting points. It is in combination with a radiofrequency
generator, that produced the heat which melts the samples. Some of the stud-
ied samples in this thesis were prepared by induction melting. Central part of
our induction melting is a horizontal cold boat furnace with radio frequency
induction placed inside the glove box. The water cooling and a rough pump
is connected from outside to prevent the cold boat from melting and to reduce
the reactivity during the sample melting. To melt the sample, the quartz glass
tube, the weighed sample and the alumina (Al2O3) crucibles were placed inside
the glove box. The quartz tube in which the alumina crucible containing the
melting material was positioned inside the cold boat and then melted for ob-
taining the ingot.
Various measurement techniques have been utilized to study the structure, ther-
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mal, magnetic and electronic properties of the prepared materials. These tech-
niques are described below.
3.2 Structural Characterization
The crystallographic structures of the prepared powder samples were determined
using x-ray diraction (XRD). Prior to XRD measurements, the material was
crushed into a ne powder with an agate mortar, sieved down to < 50 µm and
annealed at 500◦C temperature to remove the stress generated during grinding
[34]. This annealed powder was homogeneously dispersed on a Mylar foil with
the help of petroleum jelly in hexane.
Fig. 3.1 illustrates the kinematic interpretation of XRD. A beam of monochro-
matic x-ray is incident upon a crystal with lattice planes separated by a distance
d. The incident beam is reected by each plane with the path dierence 2d sin θ
between two adjacent planes. When the reected radiation constructively inter-
feres, the Bragg condition is satised.
nλ = 2d sin θ. (3.1)
where, n is an integer and represents the order of the corresponding reection.
λ is the wavelength of the incident x-ray beam. d is the distance between two
adjacent lattice planes. The Bragg reection is only possible when λ 6 2 d. XRD
data for powder samples was measured at RT using an image-plate Huber G670
Guinier camera equipped with a Ge (111) monochromator and Cu Kα radiation
of wavelength λ = 1.54 Å in the range of 3◦ ≤ 2θ ≤ 100◦. Initial indexing of
XRD pattern for lattice parameters was done by PowderCell package [91]. LaB6
(NIST SRM 160a, a = 4.15691 (8)Å ) was used as an internal standard [92].
The temperature dependent XRD for powder sample was done using StadiP
(Stoe & Cie. GmbH) diractometer. The wavelength of radiation for XRD was
Mo Kα1 λ = 0.70930 Å. Before doing XRD, the powder samples were annealed
at 700◦C.
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Figure 3.1: Schematic of Bragg's diraction law. Two beams with identi-
cal wavelength and phase approach a crystalline solid and scattered from
dierent atoms of dierent plane within it. Taken from Ref. [27].
Figure 3.2: Schematic diagram of the optics of high resolution powder dirac-
tometer (HRPD) set up. Taken from Ref. [27].
3.2.1 (a) Synchrotron X-ray Powder Diraction (SXRPD)
Fig. 3.2 shows the schematic of the optics of high resolution powder diractome-
ter (HRPD) beamline which has undulator U, Laue monochromator crystals (L1,
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L2), slit systems (S1, S2), Sp (sample e.g. powder in capillary) and detectros
(D1, D2).
The results of SXRPD in this thesis were obtained at DESY Hamburg. The
advantages of SXRPD are the high spatial resolution, high sample penetration
and high data collection speed compare to laboratory XRD. The high resolu-
tion of synchrotron XRD is able to split the modulated peaks. The working
process of SXRPD given as: A heated tungsten cathode produced the electrons
from electron gun by thermionic emission. These emitted electrons are accel-
erated by potential dierence of 60 kV to the energy of 60 keV (corresponding
to wavelength of (0.207 Å)) applied across the gun and move into the linear
accelerator. The linear accelerator accelerates the electron beam to a higher
energy value of 100 MeV over a distance of about 10 meters. The booster of
circumference 130 m is an electron synchrotron that takes the beam from the
linear accelerator and increases its energy to 3 GeV. This beam of higher energy
is then further accelerated by simultaneous ramping of magnet strength and
cavity elds. The nal destination for accelerated electrons is the storage ring
which can hold 200 mA of stored ring with a beam lifetime of over 20 hours.
The focus and selection of appropriate wavelength was done from the photon de-
livery system which incorporates lters, mirrors, monochromators, attenuators
and other devices [93].
3.2.2 (b) Pressure Dependent X-ray Powder Diraction
Pressure dependent XRD measurements performed in austenite and marten-
site phase reported in this thesis were performed at the XDS beamline of the
Brazilian synchrotron light laboratory. The annealed powder was sieved for
the particle size under 10 µm and loaded in diamond anvil cell. The pressure
inside the sample space was determined from the uorescence lines of small
ruby grains, which were loaded along with the sample. A mixture of four-part
methanol to one-part ethanol was used as a pressure transmitting medium. The
wavelength used for radiation was 0.619921 Å. The data was acquired by 2−D
detection plate and then integrated as a calibration standard in the software
[FIT2D] using LaB6 [94]. The obtained XRD patterns were tted using the Le
Bail algorithm as implemented in the Jana2006 software package for unit cell
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parameters [95, 96].
3.3 Neutron Powder Diraction (NPD)
According to wave-particle dualism, neutrons have both wave and particle like






where h is Planck constant. m and v are the mass and velocity of neutron.





where K is the Boltzmann constant and T is the temperature of the sample.
Similar to x-rays neutrons have a wavelength of atomic scale order Å. Unlike
x-rays, neutrons do not have a charge. So that, they can easily penetrate into
the electron cloud of atoms or ions and easily be scattered by the nucleus. Neu-
trons can generate interference and thus leads to the Bragg diraction patterns.
Because of the smaller magnetic moment (≈ 10−3µB) of neutrons, the scattering
atom or ion will interact with the neutron beam. So that neutron can probe
both crystal and magnetic structure of materials. Fig. 3.3 shows the schematic
diagram of the neutron diraction experiment at a reactor source. A steady ux
of incident neutrons of several wavelengths is produced by the moderator. Then,
a monochromator is used to produce a single wavelength neutron beam. The
scattering vector Q for neutron scattered by a sample is given as Q = K0 −K1
which is directly proportional to the angle θ between sample and detector and
inversely proportional to the wavelength. To investigate both crystal and mag-
netic structure as well as antisite disorder, NPD was done on ≈ 6 gm powder
sample at D2B beamline (ILL, Grenoble). D2B is designed to achieve high
resolution but limited by powder particle size. It has a white monochromatic
neutron beam in a wide wavelength range by using a Ge monochromator and
gives a diraction pattern in steps of 0.05◦ in 2θ range of 10-160◦. For the
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Figure 3.3: Schematic diagram of neutron diraction experiment with neu-
trons of incident wave vector K0 and scattered wave vector K1. Taken from
Ref. [27].
present work, NPD measurements were performed using Ge[335], by using a
wavelength of 1.59 Å in the high intensity mode. A cryostat, cryofurnace and
high temperature furnace attached with the beamline were used for temperature
dependent measurement. The analysis of neutron diraction was done by using
FullProf software [57].
3.4 Scanning Electron Microscopy
The compositional analysis was done by energy dispersive analysis of X- rays
(EDAX) from scanning electron microscope (SEM) of Philips XL30 equipped
with a LaB6 cathode and a XFLASH detector at 15 kV. This technique can do
precise measurement of the sample size down to nm range. Prior to the mea-
surement, samples were polished on resin. When a focused beam of high energy
electrons interacts with the sample surface. A variety of signals is generated
which reveal information about the morphology and chemical composition [38].
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Figure 3.4: Sketch of a vibrating sample magnetometer (VSM).
3.5 Magnetic Measurements
A vibrating sample magnetometer (VSM) was used for magnetization measure-
ment. The magnetization measurements of bulk samples were done on a nee-
dle like sample, mounted into the sample holder having a mass between 10 to
20 mg. The needle like sample was produced from mechanical crushing. Ac
susceptibility, temperature dependent and eld dependent magnetization mea-
surements were done for the magnetic characterization. This technique is based
on Faraday's law of induction. The sample is mechanically oscillating inside
an inductive pick-up-coil system. Typically, a motor or piezoelectric actuator
produces the vibration. The ux change caused by vibrating the sample induces
a voltage in the pickup coils, which is proportional to the magnetic moment of
the sample. A schematic drawing of a typical VSM is shown in Fig. 3.4. In this
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technique,the sample is mounted on a quartz holder Fig. 3.4. The VSM used
here is capable of measuring magnetization value in the range of 2.5 × 10−5 to
5 emu in the temperature range from 2 to 400 K with a magnetic eld change
of − 7 T to 7 T [97].
3.5.1 Pressure Dependent Magnetization
Hydrostatic pressure dependent magnetization measurement was done in a
home-made Cu-Be piston cylinder type pressure cell, which was built to t
the sample space inside the MPMS XL magnetometer. The shape, size and
design of the pressure cell was similar to the that used in the reported reference
[98]. For the pressure transmitting medium silicon oil was used. A small piece
of Sn as a reference sample was loaded along the measuring sample. The
superconducting transition of Sn, which occurs around 3.7 K at 1 bar, was used
to determine the pressure inside the cell. In this thesis the pressure reported
for the magnetic measurement was corrected for the pressure drop that occurs
on cooling from RT to 3.7 K. The estimation of pressure drop from a separate
calibration measurement to be ≈ 2 kbar was obtained by measuring TC of high
purity MnAs for which the pressure dependence is already reported [96].
3.6 Magnetocaloric Measurements
The MCE can be quantied in two terms: isothermal entropy change ∆SM and
adiabatic temperature change ∆Tad. The isothermal entropy change ∆SM can
be determined from the magnetization (isothermal and isoeld) measurements
by using Maxwell relation. The specic heat capacity CP and the magnetization
measurements give adiabatic temperature change ∆Tad. In addition to that, one
can calculate ∆Tad directly in pulsed magnetic eld [28]. A detailed description
about ∆SM and ∆Tad has been discussed in this section.
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3.6.1 Isothermal Entropy Change
The MCE can be determined from magnetization curves using Maxwell equation
from M(H) or M(T ) curves.









The calculated value of ∆SM strongly depends upon the measurement proto-
col. The estimated value of ∆SM from M(H) is not recommendable for large
hysteresis MSM Heusler compounds because of the coexistence of the high and
low temperature phase which can lead to critical overestimation of the MCE
even though the measurement was done by using discontinuous protocol (before
each measurement, sample was heated to high temperature and then cooling
down to low temperature). On the otherhand, from M(T ) measurements in a
broad temperature interval ∆SM value is much reasonable because the phase
coexistence problem has been avoided. A more accurate way to calculate ∆SM
from the heat capacity data in dierent magnetic elds using equation 2.34.
Obviously, a small error will always be inevitable, as it is impossible to measure
the heat capacity down to 0 K due to the third law of thermodynamics.
3.6.2 Adiabatic Temperature Change
The adiabatic temperature change ∆Tad reported in this thesis was measured in
pulsed magnetic eld in the Helmholtz-Zentrum Dresden Rossendorf (HZDR)
at the Dresden High Magnetic Field Laboratory (Hochfeld-Magnetlabor Dres-
den, HLD). The pulsed magnets at HLD were energized from maximum electric
power of 5 GW. All the magnets in HLD were separated from each other through
installed individual pulsed cell. The magnet was cooled down to 77 K by im-
mersing them in pulsed magnets to reduce the ohmic resistance. For the direct
measurement of MCE, there are three essential components: the magnet for
supplying the magnetic eld, a cryostat to cool down or heat up the sample and
a thermometer to measure the temperature of sample. The thermocouple used
here was copper-constantan. The MCE was done on two at pieces of the sample
which were cutted from diamond saw. Fig. 3.5 shows the schematic diagram
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Figure 3.5: Schematic diagram of the copper-constantan thermocouple glued
with the sample. Taken from Ref. [99].
of sample attached with thermocouple. One end of thermocouple was sand-
wiched by gluing with a small amount of silver epoxy between the two equally
at pieces of the sample. The other end was used to measure the temperature
inside the sample holder and to detect a possible inuence of the magnetic eld
on thermocouple voltage. Fig. 3.6(a) shows the experimental set-up for MCE
measurement in a pulsed magnetic eld, which contains cryostat, magnet, and
electronic connections and Fig. 3.6(b) shows both sides of the sample holder
together with brass cylinder [99, 100].
The advantage of MCE measurement in pulsed magnetic eld is the availability
of high magnetic elds, which induce the transition also far below the marten-
sitic transition and saturation of magnetization M(H). The short pulse length
≈ 50 ms allows the adiabatic measurement conditions. Additionally, it provides
realistic condition for magnetic refrigeration applications. The disadvantages
are also like noisy environment and nite response time of the thermocouple.
The challenge in this measurement is to make good thermocouple. Because
when the thermocouple wires were twisted through each other, the small loops
in the thermocouple wiring produced a very large spurious voltage (dB/dt)
which aects the component of the MCE [99].
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Figure 3.6: (a) Schematic diagram of the experimental set-up for MCE mea-
surement in pulsed magnetic eld. (b) Both sides of sample holder together
with brass cylinder, which is represented in black rectangle box. Taken from
Ref. [99].
3.7 Magnetostriction Measurement
The magnetostriction measurements were performed by using an optical-ber
strain gauge in pulsed magnetic eld up to 20 T with a rise time of about 7 ms
and a total pulse duration of 25 ms. The strain gauge is bonded to the sample
surface with cyanoacrylate epoxy. The strain gauge ber Bragg grating (FBG)
length is 1 or 2 mm with a peak reectivity at 1550 nm. The transmission from
the sample strain to the ber is in the range of 70 − 90%. The sample elongation
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Figure 3.7: Schematic drawing of the magnetostriction set-up. (a) Optical
circuit for ber Bragg grating (FBG) measurements. Each box represents
the light spectra. (b) Reection spectrum of the FBG at 5.4 K in zero eld
(red curve). The black curve is the root mean square noise (gain by 100).
It is represented in black rectangle box. Adapted from [101].
was registered by a high-resolution grating spectrometer and converted to a
reectivity-peak shift. The spectrometer operates at a frequency of 47 kHz and
provides a resolution of better than 10−6 in elongation. The optical circuit and
corresponding reection spectrum for 2 mm FBG is illustrated in Fig. 3.7(a)
and (b). A detailed description of this technique is given in [101].
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4 Modulation in Ni2+xMn1−xZ
(Z= In, Ga) Heusler
compounds
In this chapter, an overview of modulated structures, explained by soft phonon
and adaptive phase model has been given [103, 104, 105]. The modulated struc-
ture was studied in two dierent MSM Heusler compounds (a) Ni2Mn1.4In0.6 and
(b) Ni1.9Pt0.1MnGa from SXRPD and NPD experiments. The structure modu-
lation in Ni2Mn1.4In0.6 and Ni1.9Pt0.1MnGa could be successfully explained using
adaptive phase and soft phonon models, respectively. These successfull studies
give an opportunity to critically examine the two proposed mechanism for the
origin of modulation in MSM Heusler compounds. In the adaptive phase model,
the modulated structure is considered as a nanotwinned state of Bain distorted
phase. Uniform atomic displacement and commensurate modulation are the
key characteristic of adaptive phase model. Whereas, in soft phonon model, the
modulated structure occurs from phonon softening which results in non-uniform
atomic displacement and incommensurate structure.
4.1 Overview of the Modulated Structure
Lattice periodicity is a fundamental concept to dene the crystallography. The
periodic deformation of basic structure having space group symmetry is con-
sidered as modulation. If the periodicity of modulation is the same as that of
basic structure, the modulated crystal structure is called commensurate and if
it does not belong to the basic structure, then the modulated crystal structure
is called incommensurate [110].
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The modulated structures occur in various kinds of materials like magnetic
shape memory compounds and ferroelectrics. The magnetic and electric eld
can distort unit cell lattices, which results in associated strain below 0.3%.
These applied elds control the orientation of low symmetry unit cells. The
modulated structure occurs because of the diusionless martensitic transforma-
tion from high temperature, high symmetry austenite phase to low temperature,
low symmetry martensite phase. The martensite phase is accommodated from
a habit plane as a lattice invariant interface. This lattice invariant interface
xes the geometrical relationship between the high temperature austenite and
low temperature martensite phases. The lattice mismatch between two phases
is compensated by the twinning of martensite. Dierent aligned martensite
variants are connected by a large number of twin boundaries. Initially, these
modulated structures were considered as thermodynamically stable phases. In
1991, Khachaturyan et al. [93] argued that the modulated structures occuring
in materials should be understood as ultranely twinned metastable structures.
It is important to mention that in the literature the modulated structure is
mainly reported by 3M , 5M and 7M type notations. However, in Heusler com-
pounds, the periodicity is completed after even number of layers. So, the correct
notations for Heusler compounds are 6M , 10M and 14M . The periodicity will
be complete after odd number of layers, if the ordering of the austenite phase
is B2 type. The concept to use 3M , 5M and 7M notations for Heusler com-
pounds having L21 type ordered structure in austenite phase is on the basis of
the number of satellite spots between the neighboring austenite peaks [34].
4.2 Origin and Nature of Modulation in
Ni2Mn1.4In0.6
Recently, the origin of modulation in Ni2MnGa MSM Heusler compound was
studied in the framework of the soft phonon model because of the non uniform
atomic displacements. The incommensurate martensite phase in Ni2MnGa re-
sults from an incommensurate premartensite phase and not directly from the
austenite phase. The diraction pattern of Ni2MnGa shows the presence of
phasons and broadening of superlattice peaks due to the phason strains which
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Figure 4.1: RT SEM image of Ni2Mn1.4In0.6. The black arrows indicate the
areas where the composition was analyzed in detail.
make it against the concept of adaptivity. On the otherhand, Ni-Mn-In MSM
Heusler compounds do not show the premartensite phase as the martensite
phase directly transforms from the austenite phase. This suggests that it will
be interesting to investigate the structural modulation in Ni2Mn1.4In0.6 MSM
Heusler compound and it may follow the adaptive phase model.
A polycrystalline ingot with nominal composition of Ni2Mn1.4In0.6 from its con-
stituent elements of 99.99% under Ar atmosphere was prepared by arc melting
technique. The ingot was annealed at 973 K in sealed quartz ampules for three
days for homogenization and then quenched in ice water mixture.
4.2.1 Scanning Electron Microscopy
First step of phase analysis was done by SEM under backscattered electron
detection (BSD) conguration which revealed that the sample is single phase
with a homogeneous composition distribution. SEM image has some black dots
which represents the unreacted Mn. The composition analysis was done by
EDAX. Prior to phase analysis sample was embedded in epoxy resin blocks and
a smooth surface was prepared.
4.2.2 Magnetization Measurement
To see the characterization temperatures TM and TC, the magnetization was
done at low magnetic eld (500 Oe) during zero eld cooling (ZFC), eld cooled
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Figure 4.2: Magnetization (ZFC, FCC and FCW) M(T ) of Ni2Mn1.4In0.6 as
a function of temperature at low magnetic eld of 500 Oe.
cooling (FCC) and eld cooled warming (FCW) in the temperature range from
2 to 400 K. On cooling, a transition from paramagnetic to ferromagnetic has
been observed around 315 K, which is followed by the decrease in magnetization
around 295 K. The existence of thermal hysteresis conrms the rst-order nature
of the martensitic transition which is in well agreement with the literature [12,
55]. In the martensite phase around T ≈ 145 K, the bifurcation of the ZFC and
FCC curve arises because of the coexistence of antiferromagnetic (AFM) and
ferromagnetic (FM) exchange interactions.
The isothermal magnetization M(H) plot at 2 K indicates a typical AFM
ground state as shown in Fig. 4.3. Inset in Fig. 4.3 shows the AFM ground state
with spin-op transition which occurs at low magnetic eld of ±0.05 T leading
to the opening up of a double hysteresis loop above this eld. The occurrence
of such spin op transition at low magnetic eld suggests that both the FM
and AFM states are nearly degenerate in the martensite phase. Although, the
ground state is dominated by AFM interactions.
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Figure 4.3: M(H) measurement of Ni2Mn1.4In0.6 at 2 K Inset shows the
M(H) curve on an expanded scale, where the spin-op transitions are
marked by red arrows.
4.2.3 High Resolution Synchrotron XRD
To resolve the structure of Ni2Mn1.4In0.6, the SXRPD patterns were recorded in
both austenite (350 K) and martensite (235 K) phases, respectively. The rst
step of structural analysis was done by indexing the powder diraction pattern
using Le Bail technique, which renes the unit cell parameters and prole
broadening functions to obtain the best t between the observed and calculated
proles in the least-squares sense for a given space group. In the austenite
phase, all the observed Bragg peaks could be rened with the cubic structure
(space group Fm-3m) shown in Fig. 4.4(a). The rened cell parameter is found
to be 6.0048(4) Å. Inset in Fig. 4.4(a) shows the presence of superstructure
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Figure 4.4: Le Bail ts of SXRPD patterns for Ni2Mn1.4In0.6 at (a) cubic
austenite phase (350 K). Inset shows the tting for main peaks (111) and
(200) on expanded scale, related to L21 ordering. (b) Martensite phase at
235 K with commensurate structure model, and (c) Martensite phase at
235 K using incommensurate structure model. The inset in (b) and (c)
shows the tting for the main peak region (2θ = 5-6◦) on an expanded
scale. Arrows in (b) and (c) represent the satellite reections. The experi-
mental data, tted curve, and the residues are shown by black circles, red
continuous lines and green continuous line(bottom most). The blue tick
marks represent the Bragg peak positions.
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peaks like (111) and (200) in the SXRPD pattern which conrms the structure
corresponding to the ordered L21 type. At 235 K, more number of Bragg
reections appear indicating that the structure is no longer cubic. A careful
analysis of all the observed high and low intensity peaks revealed that the
structure can not be rened in terms of a simple Bain distorted unit cell
and it requires the consideration of Bain distorted modulated unit cell as
reported in other MSM Heusler compounds. To investigate the modulated
structure, superspace (3 + 1)−D formalism is used in the martensite phase of
Ni2Mn1.4In0.6 MSM Heusler compound. Following this formalism, the SXRPD
pattern was divided into two sets of reections: (1) main reections due to
the Bain distorted basic structure and (2) satellite reections corresponding
to the modulated structure whose intensity is in general much less than the
intensity of main reections. All the main reections corresponding to the basic
structure were indexed by using monoclinic cell (space group I2/m) and the
lattice parameters are a = 4.3983(1) Å, b = 5.6453(2) Å, c = 4.3379(1) Å and
β = 92.572(2)◦. After obtaining the cell parameters for the basic structure,
the superspace group formalism was used to rened the full SXRPD pattern
including both the main and satellite reections. The satellite reections were
indexed using a modulation wave vector q = (0, 0, 1
3
) and superspace group
I2/m(α0γ)00. The inset of Fig. 4.4(b) shows the commensurate wave vector
which could index many of the satellite reections, but some of the calculated
satellite reections were found to be shifted away from the observed reection
positions. So, the wave vector q was rened and an excellent match has been
found between the observed and calculated proles for an incommensurate
modulation wave vector q = 0.3599(8)c∗ = (1
3
+ δ)c∗ (where δ = 0.02653 is
the degree of incommensuration). It include all Bragg and satellite reections
which could not be accounted for using the commensurate wave vector q = 1
3
as shown in Fig. 4.4(c).
This indicates that Ni2Mn1.4In0.6 has an incommensurate 3M -like modula-
tion. The second- order satellite peaks are indicated by black arrows in SXRPD
pattern. A slightly dierent composition of Ni-Mn-In shape memory compound
with higher martensite transition temperature also show the similar 3M mod-
ulated martensite structure [105]. Le Bail renement sucecessfully renes the
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Figure 4.5: Rietveld ts of SXRPD patterns for Ni2Mn1.4In0.6 in martensite
phase (235 K) by considering the (a) soft phonon (non-uniform atomic
displacement) structural model (b) Adaptive phase (uniform atomic dis-
placement) structural model. The experimental data, tted curve, and the
residue are shown by black circles, red continuous line and green continuous
line (bottom most) respectively. Blue tick marks represent the Bragg peak
positions.
peak broadening of both the main and satellite reections which was modeled
using anisotropic strains as per Stephen's model without invoking 4th- rank
strain tensor for phason broadening. It is opposite to the situation in Ni2MnGa
in which phason strains had to be invoked to model the broadening of the satel-
lite peaks.
In the next step, Rietveld renement was done to study the atomic positions
and atomic modulation functions. The Wycko positions for Ni, Mn and In
were considered to be 4h (0.5, 0.25, 0), 2a (0, 0, 0), and 2d (0, 0.5, 0) sites, re-
spectively, of the basic structure in Rietveld renement. The excess Mn atoms
occupy the 2d wycko positions instead of In atoms. The amplitudes of the
atomic modulation function were rened without applying any constraints for
dierent atomic sites in accordance with the non-uniform displacement model
used in the renement of Ni2MnGa system [132, 133]. This renement gives
a reasonable t between the observed and calculated peak proles as shown in
Fig. 4.5(a). But, the interatomic distances are found to be physically unrealistic
for Ni-Mn-In family of intermetallic compounds.
Fig. 4.6(a) shows the interatomic distance obtained after Rietveld renement.
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Figure 4.6: Selected distance d as a function of t parameters for Ni2Mn1.4In0.6
derived from (a) Soft phonon (non uniform atomic displacement) structural
model showing unphysical values (less than 2.5 Å) and (b) Adaptive phase
(uniform atomic displacement) model showing values which are expected
for these kind of intermetallic compounds.
These values are less than 2.3 Å for some t values, whereas the sum of atomic
radii (1.25 Å for Ni, 1.37 Å for Mn, and 1.67 Å for In) of various pairs of atoms
is always ≥ 2.5 Å. Rietveld renement was also carried out for the nonuniform
displacement model by using constraints on the interatomic distances in order
to get the physically plausible values. But it converged to the values obtained
for the uniform displacement model. The reason for physically unrealistic in-
teratomic distance could be either the presence of antisite disorder observed in
Ni-Mn based Heusler compounds or the nonexistence of the nonuniform model
[134, 135, 136]. The rened parameters corresponding to the non-uniform dis-
placement models are shown in table 4.1.
In the next step, uniform displacement model was considered for Rietveld re-
nement in which the modulation amplitude of all atomic sites were constrained
to be identical. Rietveld renement result of uniform displacement model is
shown in Fig. 4.5(b). The corresponding atomic positions are listed in table
4.2.
4.2.4 Neutron Powder Diraction
After getting the analysis from SXRPD of correct atomic modulation model,
NPD was collected to discuss the magnetic structure in the austenite and
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Table 4.1: Atomic positions (x, y, z), amplitudes (A1, A2, B1, B2) of the modulation
function, and atomic displacement parameter (Uiso) of the modulated martensite
phase (235 K) of Ni2Mn1.4In0.6 obtained from the Rietveld renements of SXRPD
data considering non-uniform displacement model.
Atom Wycko Modulation x y z Uiso (Å2)
position amplitude
Ni1 4h 0.5 0.25 0 -0.004(1)
A1 0.117(2) 0 0
B1 0 0 0
A2 0.034(4) 0 0
B2 0 0.028(2) 0
Mn1 2a 0 0 0 -0.009(2)
A1 0.114(3) 0 0
B1 0 0 0
A2 0.034(8) 0 0
B2 0 0 0
In1 2d 0 0.5 0 0.045(3)
Mn2 2d 0 0.5 0 0.045(3)
A1 0.051(4) 0 -0.015(6)
B1 0 0 0
A2 -0.021(5) 0 0
B2 0 0 0
martensite phase. Since, both Ni and Mn atoms have similar x-ray atomic scat-
tering factors, XRD can not distinguish antisite disorder. In contrast to that,
the scattering length of neutrons for Ni and Mn have opposite signs and hence
neutron scattering is ideally suited to capture Ni and Mn antisite disorder. The
nuclear superspace group I2/m(α0γ)00 has four magnetic superspace groups
due to time reversal symmetry breaking: (i) I2/m(α0γ)00, (ii) I2′/m(α0γ)00,
(iii) I2/m′(α0γ)00, and (iv) I2′/m′(α0γ)00. Among the four superspace groups,
only (i) and (iv) magnetic superspace group allow nonzero magnetic moments
and restrict magnetic moments along the b axis of the monoclinic unit cell.
Rietveld renement was done to resolve the NPD pattern of Ni2Mn1.4In0.6 in
both austenite and martensite phase. In the austenite phase at 300 K, the re-
nement was done by considering the atomic positions within the space group
Fm-3m. Here, Ni and Mn atoms occupy 8c (0.25, 0.25, 0.25) and 4a (0, 0,
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Table 4.2: Atomic positions (x, y, z), amplitudes (A1, A2, B1, B2) of the modulation
function, and atomic displacement parameter (Uiso) of the modulated martensite
phase (235 K) of Ni2Mn1.4In0.6 obtained from the Rietveld renements of SXRPD
data considering adaptive phase model.
Atom Wycko Modulation x y z Uiso (Å2)
position amplitude
Ni1 4h 0.5 0.25 0 0.0084(5)
Mn1 2a 0 0 0 0.0084(5)
In1 2d 0 0.5 0 0.0084(5)
Mn2 2d 0 0.5 0 0.0084(5)
A1 0.1015(7) 0 0.0018(8)
B1 0 0 0
A2 0.0259(14) 0 0.0034(19)
B2 0 0 0
0) Wycko positions respectively, while extra Mn and In occupy 4b (0.5, 0.5,
0.5) Wycko positions according to their relative occupancies. The possibilities
of anti-site disorder was also considered between dierent atomic sites (for e.g.
Ni(8(c)-Mn(4a), Mn(4a)-In(4b) and Ni(8c)-In(4b)) but could not observe any
improvement in the ts of R factors. Therefore, Rietveld analysis of NPD data at
300 K conrms the absence of any substantial anti-site disorder in Ni2Mn1.4In0.6
MSM Heusler compound as shown in Fig. 4.7.
After conrming the absence of any descernible anti-site disorder from the
analysis of NPD at 300 K, the renement was done in martensite phase at 3 K.
The magnetic structure can be described by I2/m(α0γ)00 magnetic superspace
group for Rietveld renement in which the magnitude of the Mn magnetic mo-
ments are equal (1.18 µB) of fully occupied site (2a) and partially occupied site
(2d) are equal but antiferromagnetically correlated. The NPD of modulated
structure in martensite phase was rened with (3 + 1) −D superspace formal-
ism, similar to the analysis of the SXRPD pattern. Rietveld renement of NPD
was done by considering both non-uniform and uniform displacement model. In
the rst step, Rietveld renement was carried without applying any constraints
on the amplitude or direction of atomic displacements for the atomic modula-
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Figure 4.7: Rietveld renement of NPD pattern of Ni2Mn1.4In0.6 in the
austenite phase at 300 K.
tion functions of the dierent atoms. The renement pattern is shown in Fig.
4.8 and 4.9. The rened parameters corresponding to non-uniform and uniform
displacement models are given in table 4.3 and 4.4, respectively.
Interestingly, Rietveld renement converges for a non-uniform atomic displace-
ment model but interatomic distances are unreasonable, as shown in Fig. 4.10(a)
for some selected atomic pairs obtained using NPD. The interatomic distances
obtained from NPD can not resolve the issue of implausible interatomic distance
using non-uniform displacement model, similar to SXRPD analysis. It indicates
that the problem lies within the modulation model itself. In the next step, uni-
form displacement model was considered for Rietveld renement in which the
amplitude of modulation for all the atomic sites was constrained to be identical
as shown in table 4.4. The interatomic distances derive from the uniform atomic
displacement model clearly reveal that this model gives physically realistic inter-
atomic distances as shown in Fig 4.10(b) which is acceptable for MSM Heusler
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Figure 4.8: Rietveld renement of NPD pattern of Ni2Mn1.4In0.6 in the
martensite phase at 3 K using non-uniform displacement model. Black
arrows indicate peaks due to the cryo-furnace wall material (Al).
compounds. Thus, Rietveld renement of SXRPD and NPD patterns conrms
that Ni2Mn1.4In0.6 involves uniform displacement of atoms in the martensite
phase and follow the adaptive phase model. The analysis of diraction data
from (3 + 1)−D superspace group is used to obtain the 3−D superstructure.
Table 4.5 shows the rened structural parameters for 3 − D rational approxi-
mant superstructures, which are obtained from the (3+1)−D superspace group
analysis of NPD pattern at 3 K by using non-uniform displacement (electronic
instability) model, while table 4.6 shows the rened structural parameters for
uniform displacement (adaptive phase) model.
4.2.5 High Resolution Transmission Electron Microscopy
To further support the uniform displacement model, the origin of modulation
in Ni2Mn1.4In0.6 was studied from HRTEM measurements. Fig. 4.11 shows the
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Table 4.3: Atomic positions (x, y, z), amplitudes (A1, A2, B1, B2) of the modulation
function, and atomic displacement parameter (Uiso) of the modulated martensite
phase (235 K) of Ni2Mn1.4In0.6 obtained from the Rietveld renements of NPD
data using non-uniform displacement model.
Atom Wycko Modulation x y z Uiso (Å2)
position amplitude
Ni1 4h 0.5 0.25 0 -0.007(6)
A1 0.128(7) 0 0
B1 0 0.011(2) 0
A2 0.022(13) 0 -0.011(1)
B2 0 -0.022(1) 0
Mn1 2a 0 0 0 -0.007(6)
A1 0.103(6) 0 -0.030(5)
B1 0 0 0
A2 0.095(5) 0 0
B2 0 0 0
In1 2d 0 0.5 0 -0.007(6)
Mn2 2d 0 0.5 0 -0.007(6)
A1 0.14(2) 0 -0.07(3)
B1 0 0 0
A2 0.15(2) 0 -0.07(2)
B2 0 0 0
electron diraction pattern at 300 K which conrms the austenite structure of
Ni2Mn1.4In0.6 as supported from the magnetization data.
Fig. 4.12(a) shows the noise ltered HRTEM image along the [210] zone axis,
which was observed by insitu cooling of the sample down to 100 K. For this
crystal lattice projection, atoms appear as bright spots. The interplanar spacing
of 2.1 Å is observed along the (001) atomic planes. An occurrence of bright and
dark horizontal bands is related to the dierent stacking of the (001) planes,
generating the unit cell of 3M structure. A stacking of six atomic planes (c =
6 × 2.15 Å = 12.98 Å) in the martensite phase is shown in Fig. 4.12(b). The
corresponding atomic positions for the rational approximant structure of the
martensite phase and correlate to the uniform displacement model is shown in
table 4.6. For this projection, the twinning of the (001) planes is represented by
a dark zig-zag line within the 3M unit cell. This stacking sequence is represented
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Figure 4.9: Rietveld tting of NPD pattern in the martensite phase at 3 K
considering the uniform displacement model. Peaks due to the cryo-furnace
wall material (Al) are marked by black arrows.
by white rectangle, shown in the experimental HRTEM image. These atomic
positions from HRTEM experiments are consistent with the simulated positions
obtained by using Rietveld rened coordinates for the uniform displacement
model. The thin TEM samples after insitu cooling does not always generate a
perfect (4−2) twinned structure of six atomic planes obtained for the average
structure using the bulk sample. The HRTEM images often show stacking faults,
which locally could lead to dierent periodicities, say, of seven atomic planes.
The fast fourier transform (FFT) of the martensite structure along [210] zone
axis is shown in Fig. 4.13(a). The corresponding simulated diraction pattern
using the positional coordinates of adaptive phase modulation along the [210]
zone axis for 3−D rational approximant superstructure is shown in Fig. 4.13(b).
These two data show an excellent match and conrms the uniform displacement
model.
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Table 4.4: Atomic positions (x, y, z), amplitudes (A1, A2, B1, B2) of the modulation
function, and atomic displacement parameter (Uiso) of the modulated martensite
phase (235 K) of Ni2Mn1.4In0.6 obtained from the Rietveld renements of SXRPD
data considering non-uniform displacement model.
Atom Wycko Modulation x y z Uiso (Å2)
position amplitude
Ni1 4h 0.5 0.25 0 0.0002(5)
Mn1 2a 0 0 0 0.0002(5)
In1 2d 0 0.5 0 0.0002(5)
Mn2 2d 0 0.5 0 0.0002(5)
A1 0.1275(9) 0 0.005(1)
B1 0 0 0
A2 0.114(3) 0 0.004(2)
B2 0 0 0
Figure 4.10: Selected distance d as a function of t parameters derived from (a)
Unphysical values ( < 2 Å) from non-uniform atomic displacement model
and (b) Expected values from uniform atomic displacement model for these
kind of intermetallic compounds.
4.2.6 Summary
The experimental results of magnetization, high resolution SXRPD and NPD
were presented for Ni2Mn1.4In0.6 MSM Heusler compound. The magnetization
data of Ni2Mn1.4In0.6 show the absence of premartensite phase which was fur-
ther conrmed by a combined study of high resolution SXRPD and NPD using
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Table 4.5: Lattice parameters, space group and atomic positions of 3 − D
rational approximate structure of Ni2Mn1.4In0.6 at 235 K derived from (3+
1)−D incommensurate structure for non-uniform displacement model.
Atoms Wycko x y z Occupancy
position
Mn1 1a 0 0 0 1
Mn2 1h 1/2 1/2 1/2 1
Mn3 2m 0.00704 0 0.32342 1
Mn4 2n 0.67195 1/2 0.15906 1
In1 1b 0 1/2 0 0.6
In2 1g 1/2 0 1/2 0.6
In3 2m 0.75251 0 0.1256 0.6
In4 2n 0.99431 1/2 0.33461 0.6
Mn5 1b 0 1/2 0 0.4
Mn6 1g 1/2 0 1/2 0.4
Mn7 2m 0.75251 0 0.1256 0.4
Mn8 2n 0.99431 1/2 0.33461 0.4
Ni1 2j 1/2 1/4 0 1
Ni2 2k 0 3/4 1/2 1
Ni3 4o 0.59144 1/4 0.33676 1
Ni4 4o 0.13 3/4 0.16365 1
Figure 4.11: (a) HRTEM pattern of Ni2Mn1.4In0.6 for 〈111〉 zone in the
austenite phase.
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Table 4.6: Lattice parameters, space group and atomic positions of 3 − D
rational approximate structure of Ni2Mn1.4In0.6 at 235 K derived from (3+
1)−D incommensurate structure for adaptive phase model.
Crystal system: Monoclinic
Space group: P2/m
Cell (Å): a = 4.3983(3), b = 5.5858(2), c = 12.9823(2) & β = 92.796(9)o
Atoms Wycko x y z Occupancy
position
Mn1 1a 0 0 0 1
Mn2 1h 1/2 1/2 1/2 1
Mn3 2m 0.07781 0 1/3 1
Mn4 2n 0.64303 1/2 0.16954 1
In1 1b 0 1/2 0 0.6
In2 1g 1/2 0 1/2 0.6
In3 2m 0.64303 0 0.16954 0.6
In4 2n 0.07781 1/2 1/3 0.6
Mn5 1b 0 1/2 0 0.4
Mn6 1g 1/2 0 1/2 0.4
Mn7 2m 0.64303 0 0.16954 0.4
Mn8 2n 0.07781 1/2 1/3 0.4
Ni1 2j 1/2 1/4 0 1
Ni2 2k 0 3/4 1/2 1
Ni3 4o 0.57781 0.25 0.33376 1
Ni4 4o 0.14303 0.75 0.16954 1
(3 + 1) − D superspace group approach. Rietveld analysis of high resolution
SXRPD and NPD study shows uniform atomic displacement in the modulated
structure with the absence of premartensite phase and phason broadening of
the satellite peaks. HRTEM study also support uniform atomic displacement,
observed by powder diraction patterns. The modulated structure is commensu-
rate with non integer modulation vector beacuse of nanotwinned state of Bain
distorted phase. NPD data shows that the magnetic structure of martensite
phase at 3 K is site disordered antiferrimagnetic in which two Mn atoms at two
dierent crystallograhic positions are coupled antiferromagnetically. All these
observations conrm that the structural modulation in Ni2Mn1.4In0.6 magnetic
shape memory compound can be explained in the term of adaptive phase model.
60
4.2 Origin and Nature of Modulation in Ni2Mn1.4In0.6
Figure 4.12: (a) Noise ltered HRTEM image of Ni2Mn1.4In0.6 crystal
recorded along the [210] zone axis. The projected atom rows represented
by the bright spots. The stacking of (001) basic planes (distance 2.1 Å)
characterize the crystal lattice. It can be regarded as horizontal twinned
lamellae. (b) The unit cell consisting of six (001) planes for crystal lat-
tice model. The dark lines represents the specic stacking, following the
uniform displacement model. The corresponding size of lattice structure is
marked by rectangle in (a).
Figure 4.13: (a) FFT of high-resolution pattern of Ni2Mn1.4In0.6, along [210]
zone axis. (b) The diraction pattern of intensity distribution of reections
for [210] zone after simulation.
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4.3 Origin and Nature of Modulation in
Ni1.9Pt0.1MnGa
Ni-Mn-Ga family is the most studied ferromagnetic shape memory compound
due to its interesting properties like large MCE, large MFIS and large neg-
ative magnetoresistance. The origin of ferromagnetism in this compound is
Runderman, Kittel, Kasuya and Yosida (RKKY) type indirect exchange inter-
action between Mn-Mn atoms which is mediated by Ni atom. The damped
oscillatory nature of RKKY exchange coecient results in FM or AFM mag-
netic coupling, which depends upon the separation between the pair of atoms.
The largest value of MFIS ≈ 10% has been reported for Ni1.95Mn1.19Ga0.86,
which shows ferromagnetic behavior at Curie temperature (TC ≈ 368 K). The
large MFIS in this material arises because of the modulated structure. The
lower twinning stress of modulated structure results in easy movement of twin
boundaries and hence results in large MFIS. MFIS is also observed in dier-
ent systems such as Ni1.95Mn1.19Ga0.86, Ni2.28Fe2.28Ga, Ni2Mn1.13Ga0.8Fe0.07 and
Ni2.04Fe0.72Co0.12Ga1.08 because of the modulated structure in the martensite
phase. Therefore, it is necessary to understand the crystal structure of these
materials [162, 163].
Recently, a lot of studies were conducted to explain the modulated structure
in Ni-Mn-Ga ferromagnetic shape memory compounds. Ni-Mn-Ga compounds
show the martensite structure (TM ≈ 210 K) associated with the premartensite
phase (TPM ≈ 260 K). This premartensite phase is known as precursor for the
martensite phase transformation with the preserved austenite phase symmetry.
Both the premartensite and martensite phase show the modulated structure
[164]. It is necessary to understand the thermodynamic stability of premarten-
site phase and its relation to the martensite phase for the functional properties
of these systems. There was a long lasting controversy about the order of mod-
ulation in premartensite and martensite phase. Singh et al. [165] conrmed
from high resolution SXRPD that Ni2MnGa shows the cubic L21 structure in
the austenite phase. In the premartensite phase, the structure is 3M incommen-
surate with the preserved symmetry of austenite phase whereas, in martensite
phase, the structure is orthorhombic 7M incommensurate with superspace group
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Figure 4.14: RT SEM image of Ni1.9Pt0.1MnGa at 50 µm. The black arrows
indicate the areas where the composition was analyzed in detail.
Immm(00γ)s00.
However, low temperature martensitic transition and brittleness hinder its
technological applications and motivates for the search of other novel materi-
als. In this aspect, Ni2−xPtxMnGa (0 ≤ x ≤ 1) shape memory compounds
were prepared, which show higher transition temperature and better mechani-
cal properties. In this section, a detailed investigation of modulated structure
in Ni1.9Pt0.1MnGa was studied experimentally by SXRPD and NPD.
Polycrystalline ingot of Ni1.9Pt0.1MnGa was prepared from arc melting under
argon atmosphere by taking appropriate quantities of the constituent elements
with 3% more Mn. The ingot was sealed in vacuum with 300 mbar argon and
annealed at 1173 K for 3 days for homogenization and subsequently quenched
in ice water mixture. After that, the ingot was grounded into powder and then
annealed at 773 K for 10 hours to remove the residual stress. This annealed
powder was used for further characterization such as magnetization, SXRPD
and NPD.
4.3.1 Scanning Electron Microscopy
Fig. 4.14 shows the SEM image of Ni1.9Pt0.1MnGa at RT, which is clearly
single phase. The composition was characterized by EDAX at four dierent
spots, indicated by black arrows. The average composition turns out to be
Ni1.9Pt0.1MnGa.
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Figure 4.15: Real part of ac-susceptibility of Ni1.9Pt0.1MnGa for heating and
cooling cycles as a function of temperature. Red tick marks present the
dierent phases which were observed in the SXRPD data.
4.3.2 Magnetization Measurements
The temperature dependence ac susceptibility measurement was done in VSM
for powder sample, which was lled inside a capsule. Fig. 4.15 shows the tem-
perature dependence ac-susceptibility measurement. It shows the sharp change
from paramagnetic state to ferromagnetic state around TC ≈ 370 K. on further
cooling there are two transitions: the rst transition is observed from 260 to
235 K and another transition is from 235 to 220 K. The rst transition from 260
to 235 K is observed with a small change in slope. The second transition from
235 to 220 K is observed with slightly larger slope. In general, the huge drop
in ac susceptibility (or dc magnetization) in Ni-Mn based MSM Heusler com-
pounds is because of the large magnetocrystalline anisotropy of the martensite
phase in comparison to austenite phase. It is important to mention here that
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Figure 4.16: High resolution SXRPD patterns of Ni1.9Pt0.1MnGa for 3 se-
lected 2θ ranges at dierent temperature during cooling cycles. The austen-
ite peak (220) region is shown in (a), (b) and (c) represents the austenite
peak (220) region on expanded scale, (d) satellite region and (e) (224)
austenite peak region with an expanded scale for selected temperatures.
Notation A, PM and M represents the Bragg peaks of the cubic austen-
ite, premartensite and martensite phases, respectively. Inset in (b) shows
the Bragg reections on an expanded scale in 2θ range between 6.20 and
6.38 where the satellite reection of 3M modulated premartensite phase is
expected.
about 40% of the drop of ac- susceptibility has been already occurred at 235 K
in the premartensite phase as a result of 5% Pt substitution. Thus it seems
that there are two premartensite phase transitions as a result of Pt substitution
in Ni-Mn-Ga stoichiometric composition. This behavior is converse to the ac
susceptibility or dc magnetization measurement of Ni-Mn-Ga as it shows only
one dip in dc magnetization or ac susceptibility measurement.
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4.3.3 High Resolution Synchrotron XRD
To conrm a clear correlation between the changes of slope in ac susceptibil-
ity, the temperature dependent high resolution SXRPD was measured in Desy
Hamburg by using a wavelength of 0.20712 Å. These high resolution SXRPD
patterns show a good agreement between the changes of slope in ac-susceptibility
with temperature and structural changes in both premartensite and martensite
phases. Fig. 4.16 shows the variation of SXRPD patterns from temperature
290 to 110 K in three selected 2θ ranges. This temperature range captures the
entire sequence of austenite to martensite phase transition region. At 290 K,
the SXRPD pattern is corresponds to the cubic austenite phase. Rietveld re-
inement gives an excellent t between the observed and calculated peak proles
for the cubic structure (Fm-3m space group) at 290 K. The rened lattice
parameter a = 5.84753(6) Å is slightly larger than the lattice parameter of sto-
ichiometric Ni2MnGa (a = 5.82445 (1) Å). It might be due to the larger size of
Pt (1.77 Å) atom in comparison to Ni (1.37 Å) atom which is in good agree-
ment with an earlier study. As the samples cool down from 290 K, several small
intensity peaks appear in addition to the cubic austenite peak around 260 K.
Two such peaks are marked on an expanded scale in Fig. 4.16(b) and in the
inset of Fig. 4.16(b). These low intensity peaks are known as satellite peaks
and appear due to the modulated nature of the premartensite phase already
reported in Ni2MnGa [102]. On further cooling up to T = 240 K, the intensity
of satellite peaks increase without much eect on the cubic austenite peaks.
Up to now, the situation is similar to the stoichiometric Ni2MnGa, in which
cooling below the premartensite phase transition temperature (TPM = 260 K)
leads to the appearance of low intensity peaks. The SXRPD in the temperature
range from 260−240 K looks similar to the incommensurate 3M -like modulated
structure of the premartensite phase of Ni2MnGa [102, 130, 131]. Therefore,
Rietveld analysis of SXRPD of Ni1.9Pt0.1MnGa was carried out at 240 K using
(3 + 1)−D superspace group approach by considering both main and the satel-
lite reections.
To rene the modulated structure of premartensite phase of Ni1.9Pt0.1MnGa,
the same superspace group Immm(00γ)s00 was used. Fig. 4.17(b) shows a
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Figure 4.17: Rietveld renement of high resolution SXRPD patterns of
Ni1.9Pt0.1MnGa at (a) cubic austenite phase at 290 K, (b) premartensite
phase at 240 K, (c) martensite phase at 110 K. The experimental data
shown by black circles, tted curve and residue are shown by red and green
continuous lines respectively. The Bragg peak positions are represented by
blue tick marks. Inset shows the t for main peak region on an expanded
scale (a), satellite reections in the premartensite phase (b) and martensite
phase (c) which are indicated as (hklm)PM and (hklm)M respectively.
t between observed and calculated peak proles. At 240 K, the rened lattice
parameters are found to be: a = 4.1337(2) Å, b = 5.8416(3) Å and c = 4.1325(1)
Å with a modulation wave vector (q) of q = 0.325c∗ = (1/3− δ)c∗ , where δ =
0.0083 is the degree of incommensuration of modulation vector at 240 K. The
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incommensurate nature of modulation is conrmed by magnitude of q. The
approximant rational closest to the observed value is (1/3)c∗ suggesting 3M -
like modulation in the premartensite phase. Thus, the modulated structure of
Ni1.9Pt0.1MnGa in the premartensite phase in temperature range of 260-240 K,
is identical to the premartensite phase of Ni2MnGa. Both values of rened
lattice parameters and modulation vector are close to the premartensite phase
of Ni2MnGa [131]. At 235 K, which is close to another slope change in ac
susceptibility (marked with red tick in Fig. 4.15), the diraction pattern shows
another interesting feature. The spilitting of the Bragg peaks of cubic austenite
structure begin to appear at 235 K (see Fig. 4.16(d) and (e)). However, there
are no additional/new satellite reections which means that this structure is
corresponding to the premartensite phase only. Fig. 4.16(b) shows the satellite
peaks marked with premartensite. This phase appears up to 225 K with the
splitting of the cubic austenite peak which continue to increase from 235 K to
225 K. At T ≈ 220 K, new peaks have started appearing (marked with M in Fig.
4.16(c) − (e)). This situation is similar to Ni2MnGa, where new satellite peaks
of premartensite phase appear after the premartensite phase is cooled below
TM [102]. These new intensity peaks grow at the expense of the premartensite
phase peaks up to 190 K, whereas both main and satellite peaks of premartensite
phase disappear completely. Below 190 K, there are no additional peaks in the
structure up to lowest measurement temperature 110 K. No additional peak
below 110 K appear as conrmed from the neutron diraction measurements,
explained in below part.
At 110 K in the martensite phase, Rietveld renement was done using
(3 + 1) − D superspace group approach as in case of Ni2MnGa. The main
peaks that originate from the splitting of the cubic austenite peak could be
indexed with an orthorhombic unit cell and in the space group Immm simi-
lar to Ni2MnGa. Le Bail renement gives the following unit cell parameters
a = 4.2390 (1) Å, b = 5.5682 (1) Å, and c = 4.2074 (1) Å. After that, the
complete diraction pattern including both main and satellite reections was
rened using the superspace group Immm(00γ)s00 with Rietveld renement.
An excellent t between the observed and calculated proles conrm that re-
nement has converged successfully. The incommensurate modulation vector
was found to be q = 0.4290(2)c∗ = (3/7 + δ)c∗, where δ = 0.00112 is the degree
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Figure 4.18: Rietveld renement of high resolution SXRPD patterns of
Ni1.9Pt0.1MnGa for main peaks at 225 K. (a) cubic austenite unit cell,
(b) Bain-distorted tetragonal unit cell, (c) Orthorhombic unit cell, (d) 3M
modulated incommensurate premartensite structure. Experimental data
shown by black circles, tted and residues by red and green continuous
lines. Bluetick marks represent the Bragg peak positions. The inset in
(a)-(c) show the t for main reections and (d) satellite reections corre-
sponding to the premartensite phase.
of incommensuration. Thus, at 110 K, the rened structure shows nearly 7M
type incommensurate modulated structure similar to the martensite phase of
Ni2MnGa [34, 132].
69
4 Modulation in Ni2+xMn1−xZ (Z= In, Ga) Heusler compounds
Thus, the structures of cubic austenite, premartensite in the temperature
range from 260−240 K and at 110 K martensite (representative of the structure
below 220 K) of Ni1.9Pt0.1MnGa, are similar to Ni2MnGa. However, in the
temperature range 235−195 K the structure of of the premartensite phase
of Ni1.9Pt0.1MnGa is quite unusual and shows only the splitting of the cubic
austenite peaks without the presence of martensite peaks. This splitting of
the cubic austenite peaks in the premartensite phase indicates the loss of
pseudo-cubic symmetry of basic structure. This situation is unexpected in
the premartensite phase as it is always considered to be a micromodulated
phase and preserved cubic symmetry of the austenite peaks. At 225 K
(representative of this new structure), Rietveld renement presents the result
between the calculated and observed intensities. First, Le Bail renement was
done using the cubic Fm-3m space group by considering only main reections
(not satellites) similar to the Rietveld renement of the premartensite and
martensite phases stable in the temperature range of 245 K < T < 260 K and
T < 225 K, respectively.
Fig. 4.18(a) shows that this model misses out of the new peaks, which arises
due to the splitting of cubic austenite peaks (see the inset of Fig. 4.18(a)). It
conrms the broken nature of cubic symmetry. So, the renement was done
by considering the tetragonal space group I4/mmm, which could capture the
splitting but the observed and calculated peaks are not matching. In last,
orthorhombic distortion (space group I4/mmm) was used for the martensite
phase. It gives an excellent t between the observed and calculated peak pro-
les (see Fig. 4.18(c) and inset). The rened unit cell parameters at 225 K
of the basic structure are a = 4.1356 (2) Å, b = 5.8276 (2) Å, and c = 4.1371
(1) Å. It shows a clear evidence of the pseudo-tetragonal Bain distortion of the
premartensite phase with b/
√
2a ≈ 0.9965. In the next step, Rietveld rene-
ment was done by considering the complete diraction pattern including main
and satellite reections using superspace group Immm(00γ)s00. Rietveld re-
nement shows the excellent t between observed and calculated peak proles
(Fig. 4.18(d) and inset). The rened modulation wave vector comes out to be
q = 0.3393c∗ = (1/3 + δ)c∗, where δ = 0.0059 is the degree of incommensura-
tion. These results of high resolution SXRPD data provide the evidence of new
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Figure 4.19: Rietveld renement of high resolution SXRPD patterns of
Ni1.9Pt0.1MnGa for main peaks at 225 K. (a) cubic austenite unit cell,
(b) Bain-distorted tetragonal unit cell, (c) Orthorhombic unit cell, (d) 3M
modulated incommensurate premartensite structure. Experimental data
shown by black circles, tted and residues by red and green continuous
lines. Bluetick marks represent the Bragg peak positions. The inset in
(a)-(c) show the t for main reections and (d) satellite reections corre-
sponding to the premartensite phase.
incommensurately modulated 3M -like premartensite phase with broken cubic
austenite symmetry. Ni1.9Pt0.1MnGa is the rst example of macroscopic sym-
metry breaking and Bain distortion in the premartensite phase of MSM Heusler
compound.
After observing, robust Bain distortion in the premartensite phase, the dirac-
tion pattern was taken into consideration for the coexistence of the incom-
mensurate 3M -like Bain distorted premartensite and incommensurate 7M -like
martensite phase below 220 K. Fig. 4.19 shows the Rietveld renement results
of SXRPD data at 210 K. Inset of Fig. 4.19 shows the consideration of 3M -like
incommensurate premartensite phase which can not account some of the Bragg
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reections (marked as M in inset of Figure 4.19(a)). This diraction pattern
also can not be veried with single phase 7M -like incommensurate martensite
phase. In the next step, Rietveld renement was done, based on the coexistence
of both 3M -like Bain distorted premartensite as well as 7M - like martensite
phase which gives an excellent t between the observed and calculated proles
accounting for all of the peaks (Fig. 4.19(b)).
Thus, at 210 K, both 3M -like premartensite and 7M -like martensite phases
coexist with incommensurate modulation. The superspace Rietveld renement
conrms the coexistence of 3M -like and 7M -like incommensurate structure in
the entire temperature range of 210 to 195 K. The rst-order phase transition
is characterized by phase coexistence. These results show that the transition
from Bain-distorted premartensite phase to the martensite phase, is a rst-
order phase transition. The martensite phase in Ni1.9Pt0.1MnGa originates from
the premartensite phase similar to Ni2MnGa. However, a major dierence in
Ni1.9Pt0.1MnGa arises because the premartensite phase from which the marten-
site phase results show robust Bain distortion. This situation is in contrast to
Ni2MnGa in which the martensite phase results from a premartensite phase that
preserves the austenite cubic symmetry of the unit cell.
Fig. 4.20 shows temperature dependent lattice parameter variation and
unit cell volume for the equivalent cubic, premartensite (apm ≈ (1/
√
2)ac,
bpm ≈ ac, cpm ≈ (1/
√
2)ac) and martensite phase (am ≈ (1/
√
2)ac, bm ≈ ac,
cm ≈ (1/
√
2)ac). The unit cell volume of all the phases decreases with decreas-
ing temperature. However, the unit cell volume of the cubic austenite phase
changes smoothly from austenite to the premartensite (T1) phase transition in
the temperature range (260-245 K), similarly to that in Ni2MnGa as expected for
a weak rst-order phase transition [102]. On further lowering the temperature
around T ≈ 235 K, a discontinuous change in volume is observed with a con-
comitant spilitting of the cubic austenite peaks (see Figs. 4.20(a) and 4.16(e))
and a change in the slope of ac-susceptibility vs. temperature plot (see Fig.
4.15). Similarly, a discontinuous change in b
a
ratio with temperature (inset of
Fig. 4.20) corresponding to the dierent phases is also observed. The formation
of the premartensite phase (T1) in the cubic austenite matrix is followed by ro-
bust Bain- distorted premartensite phase (T2) in the premartensite (T1) matrix.
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Figure 4.20: Temperature dependence variation of Ni1.9Pt0.1MnGa (a) the
rened unit cell parameters a, b, c and volume in the austenite (A), 3M -
like premartensite (PM), and 7M -like martensite (M) phase obtained from
Rietveld renement for the cooling cycles. The volume of cubic austenite
phase is scaled with 1/2 for comparison. Subscripts C, PM, and M are
used for cubic austenite, premartensite and martensite phases respectively.
Inset shows the variation of b/a ratio (Bain distortion) with temperature
of premartensite phase (T1) and (T2) respectively.
Due to the gradual evolution of the Bain distortion, the fully Bain-distorted
martensite phase through all transition in the premartensite (T2) phase is ki-
netically more favorable for maintaining an invariant habit plane.
The displacement of atoms for premartensite phase (T1) at 240 K and pre-
martensite phase (T2) at 225 K obtained from Rietveld renement are compared
in Fig. 4.21. These values are represented in table 4.7. It clearly indicates the
atomic displacement change between two phases. This is an isostructural phase
transition because of both premartensite phases belong to the same superspace
group Immm(00γ)s00 in which the atomic positions shift without aecting
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Figure 4.21: The displacement (dx) of atoms for Ni1.9Pt0.1MnGa show pre-
martensite phase (T1) at 240 K and premartensite phase (T2) at 225 K with
t parameter.
the Wycko site symmetries and overall space group. The 3 −D approximant
structures of both premartensite phase (T1) and premartensite phase (T2) are
compared in table 4.8. The unit cell parameters at the isostructural phase tran-
sition show discontinuous change which clearly reveals the presence of strong
spin lattice i.e. magnetoelastic coupling. The isostructural phase transitions are
reported in few compounds for example electronic transitions in chalcogenides
under high pressure, between two ferroelectric phases, in CaTiO3 between two
antiferrodistorted structures and in multiferroics across the magnetic phase tran-
sition leading to excess spontaneous polarization due to magnetoelectric cou-
pling [123, 125, 126, 127]. These results provide an evidence of an isostructural
phase transition from a nearly cubic-like premartensite phase to a robust Bain-
distorted premartensite phase in MSM Heusler compound Ni1.9Pt0.1MnGa.
At low temperature, an incommensurate phase can undergo a transition to
the lock-in commensurate phase in ground state. Recently, Singh et al. [102] has
shown that the modulation vector q shows a smooth analytic behavior down to
5 K in the stoichiometric Ni2MnGa composition from high resolution SXRPD
study. Ni2MnGa does not show evidence of any devilish plateau or commen-
surate lock-in phase. Rietveld renement of SXRPD data was carried out at
various temperatures to determine the modulation vector q as a function of
temperature down to 110 K. The modulation wave vector q variation with tem-
perature is shown in Fig. 4.22. A jump of the modulation vector q is clearly
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Table 4.7: Atomic positions (x, y, z) and amplitudes Ai of the modulation function ob-
tained from the Rietveld renement of SXRPD data for the premartensite phases: T1




T = 240 K: a∗ = 4.1337(25), b∗ = 5.8416(30), c∗ = 4.1326(12)
T = 225 K: a∗ = 4.1356(26), b∗ = 5.8276(20), c∗ = 4.1371(19)
Modulation vector:
T = 240 K, q = 0.325c∗
T = 225 K, q = 0.3376(5)c∗
Atoms Wycko Modulation x y z Occupancy Uiso (Å2)
position amplitude
Ni 4h 0.5 0.25 0 1.9 0.0115(19)
[0.0122(6)]
Pt 4h 0.5 0.25 0 0.1 0.0115(19)
[0.0122(6)]
A1 0.017(18) 0 0
[0.0194(18)]
Mn 2a 0 0 0 1 0.005(2)
[0.0065(10)]
A1 0.03(2) 0 0
[0.017(7)]
Ga 2d 0 0.5 0 1 0.011(2)
[0.0106(7)]
A1 0.020(17) 0 0
[0.018(5)]
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Table 4.8: Lattice parameters, space group and atomic positions of 3 − D
rational approximate structure of Ni1.9Pt0.1MnGa derived from (3+1)−D




T = 240 K: a = 4.1337 Å, b = 5.8397 Å, c = 12.4001 Å
T = 225 K: a = 4.138969 Å, b = 8.27392 Å, c = 12.40434 Å
Atoms Wycko x x y z Occupancy Uiso (Å2) Uiso (Å2)
position
Mn1 2b 0 0 0 0 1 0.004796 0.006459
Mn2 4g 0.0244 0.0146 0 1/3 1 0.004796 0.006459
Ga1 2a 0 0 1/2 0 1 0.011083 0.01063
Ga2 4g 0.0176 0.0152 1/2 1/3 1 0.011083 0.01063
Ni1 4f 1/2 1/2 1/4 0 0.95 0.011497 0.012245
Ni2 8h 0.5144 0.5168 1/4 1/3 0.95 0.011497 0.012245
Pt1 4f 1/2 1/2 1/4 0 0.05 0.011497 0.012245
Pt2 8h 0.5144 0.5168 1/4 1/3 0.05 0.011497 0.012245
observed from 3M modulated premartensite phase (T1) to premartensite phase
(T2) through an isostructural phase transition while both phase continue to re-
main incommensurate. A discontinuous change in the modulation vector q is
also accompanied from the incommensurate 3M -like premartensite phase (T2)
to the 7M -like incommensurate martensite phase which conrms the rst-order
nature of this transition as well. It is consistent with the observation of discon-
tinuous change in phase coexistence and volume around TM. Interestingly, the
value of q for premartensite phase (T1) is slightly less than the value 0.33 of com-
mensurate modulation vector while, the modulation vector q of premartensite
phase T2 is slightly larger than 0.33. Both premartensite phases give an incom-
mensurate modulation vector. However, the possibility of modulation vector q
passing through 0.33 (1
3
) commensurate value in the discontinuous jump region
with a plateau for modulation vector q of 1
3
can not be ruled out.
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Figure 4.22: Temperature dependent variation of the magnitude of modu-
lation vector q as a function of temperature obtained from superspace
Rietveld renement during cooling. Dierent phases are separated by solid
line.
4.3.4 Neutron Powder Diraction
The verication that the incommensurate phase would lock-into a commensurate
phase in the ground state was also done at 10 K by Le Bail renement of high
resolution NPD data as shown in Fig. 4.23. The lattice parameters obtained
from Rietveld renement of NPD pattern are a = 4.2445(9) Å, b = 5.5504 (11) Å,
c = 4.2086 (8) Å and the value of incommensurate modulation vector q = 0.4324
± 0.0002. This q value conrms that Ni1.9Pt0.1MnGa exhibits incommensurate
structure down to 10 K. The behavior of q remains smooth analytic in the entire
temperature range of stability of the martensite phase without any intermediate
or commensurate lock-in phase of ground state in Pt substituted Ni2MnGa. This
is similar to the undoped composition of Ni2MnGa[102].
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Figure 4.23: Le Bail renement for the neutron diraction pattern at 10 K.
The experimental data are shown by black circles, tted and residues are
shown by red and green continuous lines, respectively. The blue tick marks
represent the Bragg peak positions.
4.3.5 Summary
The ac susceptibility measurement of Ni1.9Pt0.1MnGa powder sample shows
the presence of premartensite phase unlike in Ni2Mn1.4In0.6 MSM Heusler com-
pound. This premartensite phase was believed to be precursor for martensite
phase in Ni2MnGa MSM Heusler compound. Here, the evidence for macroscopic
symmetry breaking leads to robust Bain distortion in the premartensite phase
of Ni2MnGa as a result of 5% Pt substitution has been shown from Rietveld
renement of high resolution SXRPD patterns. The robust Bain distorted pre-
martensite phase (T2) results from another premartensite phase (T1) which has
preserved austenite cubic like symmetry through an isostructural phase tran-
sition. On further cooling, the martensite phase has been observed from the
premartensite phase (T2) with additional Bain distortion. Le Bail renement
of NPD data at 10 K shows that the incommensurate phase would lock-into a
commensurate phase in the ground state. All these observations (incommen-
surate ground state, inhomogenous atomic displacement and presence of pha-
sons in the modulated phase) are explicable within the framework of the soft
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phonon mode model as the most plausible model for the origin of modulation
in Ni1.9Pt0.1MnGa MSM Heusler compound.
These studies of Ni1.9Pt0.1MnGa MSM Heusler compound underline the im-
portance of superspace group analysis of the diraction data to understand the
physics behind the modulation and critically evaluate the applicability of two
existing models for the origin of modulation in magnetic shape memory Heusler
compounds. The origin of modulated structure in dierent Ni-Mn based mag-
netic shape memory Heusler compounds may not be universal and it must be
investigated thoroughly in dierent material compositions.
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5 MCE in Ni2+xMn1−xZ (Z= In,
Ga) Heusler compounds
Among the promising materials for MCE, Ni-Mn based MSM Heusler com-
pounds are attractive candidates for both fundamental research and application
point of view. These compounds show rst-order martensitic phase transition
from high temperature, high symmetry cubic austenite phase to low tempera-
ture, low symmetry martensite phase [28, 52, 144, 145, 147, 151, 148]. First-
order phase transition involves both structure and magnetic entropy, while
second-order phase transition has only magnetic contribution. Due to this, rst-
order phase transition results in higher value of MCE in comparison to second-
order phase transition [16, 52, 53, 68]. This chapter shows the MCE in two
dierent MSM Heusler compounds Ni2.2Mn0.8Ga and Ni1.8Mn1.8In0.4. First, the
magnetic properties of magnetostructural transition were studied from the eld
dependent and temperature dependent magnetic isotherms. Since, the value of
MCE is related to the magnetization change between austenite and martensite,
width of thermal and magnetic hysteresis and magnetic moment. Therefore, a
careful analysis of magnetization measurement was done by applying large no.
of magnetic elds. In next step, the isothermal entropy change was calculated
from these magnetization measurements to get an indication of the reversibility.
This topic is followed by the measurement of adiabatic temperature change in
pulsed magnetic eld. The reversibility of adiabatic temperature change was
conrmed by applying more than one pulse at dierent temperatures. The
origin of reversibility was explained on the basis of GCC for dierent kind of
structures, which is calculated from the lattice parameters of both austenite and
martensite phase. In the last section, powder x-ray diraction was collected in
both phases. The unit cell parameters were calculated from Le Bail renement.
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5.1 Overview of the MCE
Conventional MCE is observed in the austenitic phase around the ferromagnetic
transition. An increase in the sample temperature is observed by applying mag-
netic eld adiabatically. In addition to that, inverse MCE is observed around
the martensitic rst-order phase transition which leads to a decrease in the sam-
ple temperature with increasing magnetic eld. For Ni-Mn based MSM Heusler
compounds, the total adiabatic temperature change at the rst-order martensitic
phase transition can be written as ∆Tad = ∆T strad + ∆T
mag
ad , where ∆T
str
ad and
∆Tmagad denote the structural and magnetic contribution of the temperature
change, respectively. If we apply the magnetic eld adiabatically, then mag-
netic moments align which heats up the sample ∆Tmagad > 0. During same time,
the structural phase transition from the low-symmetry and low-temperature
martensitic phase to the high-temperature high-symmetry austenitic phase leads
to a very large cooling eect. Thus, the heat absorption due to the structural
transformation exceeds the heat release from the magnetic subsystem. As a
result, the sample temperature decreases ∆Tad < 0 by applying the magnetic
eld adiabatically [28].
5.2 MCE in Ni2.2Mn0.8Ga
Ferromagnetic shape memory compounds are good candidates for the use in
magnetic cooling technology because of small volume change at the martensite
transition and high lattice coherence results in fast kinetics of thermoelastic
transformation. Therefore, a lot of study for MCE in Ni2+xMn1−xGa has been
reported in literature [27, 139, 140, 149, 150]. A small substitution of 3d or 5d
transition metal in Ni2+xMn1−xGa changes the magnetic moment and martensite
transition temperature which aects the MCE properties [151, 152]. Polycrys-
talline ingot of Ni2.2Mn0.8Ga was prepared by arc-melting from the constituent
elements of Ni, Mn and Ga under Ar- atmosphere. The procedure was repeated
several times to ensure good homogeneity. These prepared ingots were wrapped
in Mo foil and annealed in quartz tube at 900◦C for 3 days and then quenched
in ice water mixture. The high quality of the samples was conrmed by SEM.
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Figure 5.1: RT SEM image of Ni2.2Mn0.8Ga. The black arrows indicate the
areas, where the composition was analyzed in detail.
5.2.1 Scanning Electron Microscopy
A careful analysis by a SEM in backscattered electron detection conguration
revealed that the sample is single phase with a homogeneous composition dis-
tribution. The SEM image is shown in Fig. 5.1, which contains some black
dots. These black dots represent unreacted Mn. The composition analysis was
done by energy dispersive analysis of x-rays (EDAX) at dierent spots, indi-
cated by arrows in Fig. 5.1. The nal nominal composition turns out to be
Ni2.19Mn0.81Ga.
5.2.2 Magnetization Measurements
The temperature-dependent magnetization curves M(T ) of Ni2.2Mn0.8Ga were
measured in external magnetic elds of 0.01 T and 6 T during cooling and
heating cycles as shown in Fig. 5.2. Upon cooling, the austenitic to the marten-
sitic phase transition starts at Ms = 323 K (martensite start temperature) and
ends at Mf = 315 K (martensite nish temperature). Upon heating, the re-
verse transformation, martensite to austenite, is found to start at As = 320 K
(austenite start temperature) and to nish at Af = 328 K (austenite nish tem-
perature). The hysteresis width observed from these characteristic temperatures
is about 5 K, which is small in comparison with other MSM Heusler compounds
[29, 64, 140, 141, 143]. M(T ) curves show that the martensitic transition shifts
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Figure 5.2: Field cooled warming and cooling magnetization M(T ) curves at
0.01 T and 6 T for Ni2.2Mn0.8Ga.
towards to higher temperatures by applying magnetic eld of 6 T (see Fig. 5.2).
Since, magnetic eld stabilizes the phase with the higher magnetic moment,
in this case the martensitic phase. Therefore, the transition from austenite to
martensite can be induced by magnetic eld. However, the temperature range
at which this transition can be induced is limited by the shift of the transi-
tion with magnetic eld. Motivated by the very small thermal hysteresis, we
recorded magnetization data as a function of the magnetic eld using two dif-
ferent protocols to determine the magnetic hysteresis. Following protocol 1, the
sample was heated to the austenite phase up to 400 K, then cooled in zero eld
down to 200 K to ensure the sample being fully in the martensite phase, and
then subsequently heated up to the measurement temperature where theM(H)
data were taken (see Fig. 5.3). In protocol 2, M(H) loops were recorded one
after the other without any thermal cycling as typically used for second-order
phase transitions as shown in Fig. 5.4 . The data do not show any signi-
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Figure 5.3: M(H) isotherms of Ni2.2Mn0.8Ga with protocol 1(sample was
overheated to austenite and then undercooled to the martensite before
approaching the target temperature) in static magnetic eld up to 6 T
from 297 to 345 K at 6 K temperature dierence, including eld induced
transition at 323, 325 and 326 K.
cant dierence in the isothermal M(H) curves recorded using the two dierent
protocols. This gives an indication of reversible behavior of MCE.
5.2.3 Isothermal Entropy Change from M(H)
Measurements
The magnetic entropy change (∆SM) from these isothermal M(H) curves using
following Maxewell′s equation:
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Figure 5.4: M(H) isotherms of Ni2.2Mn0.8Ga with protocol 2 (target temper-
ature was reached without overheating and undercooling) taken at dierent
temperatures in static magnetic elds up to 6 T between 297 and 345 K
at 6 K temperature dierence. It includes eld induced transition temper-
atures 324, 325 and 326 K.
As expected, the ∆SM(T ) curves show almost identical values for both protocols
at all measured magnetic elds (see Fig. 5.3 and 5.4). We only got a minor
dierence between at 300 K for both protocol values in a magnetic eld of 1 T.
This dierence in the martensite phase could be explained by a twinning of the
martensite [154]. The small thermal hysteresis, reversibility in magnetization in
the region of the martensitic transformation, and similar values of ∆SM obtained
for both protocols indicate that Ni2.2Mn0.8Ga is a promising candidate for the
observation of a reversible MCE and for future magnetocaloric applications.
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Figure 5.5: Isothermal magnetic entropy of Ni2.2Mn0.8Ga as a function of
temperature under dierent applied magnetic elds shown by solid and
open circles for protocol 1 and 2, respectively. Inset shows the variation of
∆SM for dierent magnetic eld at T = 324 K for both protocols.
5.2.4 Isothermal Entropy change from M(T)
Measurements
The isothermal magnetic entropy change ∆SM calculated from the magnetiza-
tion isotherms M(T ) is depicted in Fig. 5.6. The plot of ∆SM exhibits a peak
calculated from M(T ) curves measured upon heating and cooling, respectively.
The peak values of ∆SM calculated from M(T ) measurements exhibit higher
value upon heating from cooling for both magnetic eld change of 0 to 2 T and
0 to 6 T. The maximum value of ∆SM = 30 J/Kg-K upon heating at the reverse
martensitic temperature is larger than the value at the direct transformation
∆SM = 23 J/Kg-K upon cooling in a magnetic eld change of 6 T. The curve
and maximum value of ∆SM calculated from M(T ) measurements slightly dif-
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Figure 5.6: Isothermal magnetic entropy change ∆SM of Ni2.2Mn0.8Ga calcu-
lated from M(T ) curves.
fer from the isothermal M(H) measurements. This dierence arises because of
the magnetization change, ∆M, is larger upon the reverse martensitic transition
[140, 142].
5.2.5 Adiabatic Temperature Change in Pulsed Magnetic
Field
Fig. 5.7 shows selected ∆Tad(t) as a function of time at dierent temperatures
for a 6 T pulsed magnetic eld. All plotted data were recorded after reaching the
measurement temperature on cooling from 350 K or from the previous measured
temperature. It is important to note that for all temperatures, ∆Tad(t) goes back
to the initial value before the pulse applies. This indicates the reversibility of
the MCE. The inset of Fig. 5.7 displays ∆Tmaxad , taken as the maximum in the
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Figure 5.7: Adiabatic temperature change, ∆Tad, of Ni2.2Mn0.8Ga as a func-
tion of time at 6 T magnetic eld for dierent temperatures reached on
cooling protocol. Inset shows ∆T max
ad
as a function of temperature for
pulsed elds of 2 and 6 T. Open symbols represent data taken upon heat-
ing and closed upon cooling.
∆Tad(t) curve, for applied magnetic elds of 2 and 6 T, recorded both on cooling
and heating. For both elds, the broad shape of the maximum in the ∆Tmaxad
curve, which is desirable for applications, covers a temperature window of about
35 K. Under a magnetic pulse of 6 T, ∆Tmaxad (T ) reaches its maximum of 3.5 K.
To achieve higher eciencies in magnetic cooling devices, the reversibility
upon magnetic eld cycling is crucial. To study the reversibility of the MCE
in Ni2.2Mn0.8Ga, ∆Tad(t) was measured for three subsequent 6 T magnetic
eld pulses at 326 K, which is just above the martensite start temperature,
Ms = 323 K (see Fig. 5.8 (a)). Before pulse 1, the sample was heated to
the austenitic phase and subsequently cooled to the measurement temperature.
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Figure 5.8: Time dependence of ∆Tad measured at (a) 326 K and (b) 317 K
reached upon cooling, for a magnetic-eld pulse of 6 T and (c) at 329 K
reached upon heating, for a magnetic-eld pulse of 2 T. Two, three and four
pulses were applied consecutively at 317 K, 326 K and 329 K, respectively.
See text for details. The right axes refer to the magnetic eld prole.
Pulse 2 and 3 was followed immediately after pulse 1. After pulse 1 ∆Tad(t) ex-
hibits an almost reversible behavior, only a small oset of 0.14 K remains. This
value is almost unchanged for pulse 2 and pulse 3. We repeated the previously
described experiment after further cooling down to 317 K. This temperature is in
between the martensite start (Ms = 323 K) and martensite nish (Mf = 315 K)
temperatures (see Fig. 5.8(b)). After pulse 1 we nd only a tiny irreversible o-
set of 0.26 K. After pulse 2 the oset of 0.13 K is even smaller, while the ∆Tmaxad
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for both pulses is almost the same. We note that the recorded osets are smaller
than the uncertainty in the ∆T measurement [99]. Additionally, we investigated
the reversibility of the MCE at 329 K (T > As). Here the measurement temper-
ature was approached upon heating from well below the martensitic transition.
At 329 K four consecutive magnetic pulses up to 2 T were applied. As can be
seen in Fig.5.8, ∆Tad(t) is reversible for all pulses. Thus, the previous results are
a fair indication of the fast kinetics of the thermoelastic transformation which
is reversible due to the small hysteresis. Moreover, the pulsed magnetic elds
measurements evidence that Ni2.2Mn0.8Ga exhibits an almost perfect reversible
MCE on the time scale of magnetocaloric devices.
5.2.6 Temperature Dependent XRD
To determine the transformation matrix U for Ni2.2Mn0.8Ga we conducted
PXRD experiments at 350 K in the austenite and at 300 K in the marten-
site phases. The Le Bail renement of the PXRD patterns in the austenite
and martensite phases are shown in Fig. 5.9. At RT where Ni2.2Mn0.8Ga is in
martensitic phase (Ms = 323 K, see also Fig. 5.2) all reections present in the
PXRD pattern can be indexed by a body-centered tetragonal structure (space
group I4/mmm) with rened lattice parameters a = b = 3.9013 Å and c =
6.5129 Å, while at 350 K Ni2.2Mn0.8Ga is in the austenitic phase in a cubic
structure (space group Fm-3m). The rened lattice parameter is a = 5.8286 Å.
A small fraction of martensite phase coexists with the austenite phase at 350 K,
which can be attributed to the eect of residual stresses induced martensite
phase generated due to grinding the ingot into powder [131, 132]. In our case,
for a transformation from the face-centered cubic (Fm-3m) to the body-centered
tetragonal (I4/mmm) structure the lattice parameters of body-centered unit cell
can be converted to the face-centered unit cell by the following relationships:
a = aF =
√
2aI and c = cF = cI where, the index `I ' stands for body-centered
[137]. These stretches satisfy α > 0, β > 0 and α 6= β [138]. So, the deforma-
tion matrix of one of the corresponding martensite variant from the unit cell
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Figure 5.9: Le Bail renements for PXRD patterns of Ni2.2Mn0.8Ga in (a)
austenite and (b) martensite phases. The experimental data are shown
by black circles. The tted curve and residue are shown by by red and
green continuous lines (bottom-most), respectively. The blue ticks repre-
sent Bragg-peak positions.
parameters of Ni2.2Mn0.8Ga turn out to be:
U1 =
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The other two martensite variants U2 and U3 follow directly from U1 according
to Eq. 2.15. The determinant of this deformation matrix turns out to be very
close to one |U| = 1.0012. The deviation from unity is only 0.12%. This value is
found to be substantially smaller in comparison to the previous reported MSM
Heusler compounds Mn2NiGa and Ni2.2Mn0.75Ga. These compounds exhibits
a large thermal hysteresis of 50 and 14 K, respectively. The value of |U| for
Mn2NiGa and Ni2.2Mn0.75Ga deviate 0.64% and 0.61% from unity which is more
in comparison to our study of Ni2.2Mn0.8Ga MSM Heusler compound [137, 149].
Hence, exemplifying the validity of GCC of austenite and martensite phases in
Ni2.2Mn0.8Ga.
5.2.7 Summary
We have studied the reversible adiabatic tempertaure change ∆Tad(t) in
Ni2.2Mn0.8Ga MSM Heusler compound and its relation to the structural prop-
erties of cubic austenite and tetrgonal martensite phase. The reversibility of di-
rectly measured adiabatic tempertaure change ∆Tad(t) in shape memory Heusler
compounds is inuenced by the hysteresis width as well as the sharpness of mag-
netostructural transition. In addition to that kinetic arrest which arises from
the structural and magnetic inhomogeneous state can also aect this reversibil-
ity. The reduction of thermal hysteresis improves lattice coherence and results
in faster kinetics of the magnetostructural transformation. Thus, occurrence
of small energy barrier at interface leads to reduction of energy required for
creating interfaces which in turn attribute the reversible behavior to the highly
mobile transition layer between the two phases. We conclude that our nd-
ing of geometric compatibility to improve reversibility of MCE in the region of
martensitic transformation will provide a new route for designing novel MCE
materials with strongly reduced irreversible behavior.
5.3 MCE in Ni1.8Mn1.8In0.4
Among the most promising materials, Ni-Mn-In MSM Heusler compounds are
attractive candidates for both fundamental research and application point of
view [12, 28]. These compounds show various functional properties such as
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MSM, magnetic superelasticity, magnetocaloric and barocaloric eect, which
originates from magnetoelastic couplings. Ni2Mn1.4In0.6 prototype shape mem-
ory compound exhibits a paramagnetic to ferromagnetic transition around 315 K
on cooling, followed by a rst-order structural transition from high temperature
cubic austenite phase to low temperature monoclinic martensite phase around
246 K [12, 29]. Ni2Mn1.4In0.6 exhibits the conventional MCE (increase in sam-
ple temperature upon application of magnetic eld) around the ferromagnetic
transition in the austenite phase. Adiitionally, an inverse MCE (decrease in sam-
ple temperature by applying magnetic eld) is observed around the rst-order
martensitic transition leads to decrease in sample temperature with increasing
magnetic eld [12]. The rst-order character of the martensitic transition re-
sults in hysteresis losses and fatigue which leads to irreversibility in magnetic
refrigeration cycle [111, 143]. Therefore, nowadays, most of the studies have
been done on aiming for reducing the hysteresis in MSM Heusler compounds.
Hysteresis reduction can be done by the substitution of an additional element
or changing the stoichiometry of Ni-Mn-In [39, 132, 152]. Here, we reduce the
hysteresis in Ni2Mn1.4In0.6 by changing the stoichiometry of Ni-Mn-In.
Polycrystalline ingot of Ni1.8Mn1.8In0.4 was prepared by arc-melting stoichiomet-
ric amounts of the constituent elements Ni, Mn and In under Ar atmosphere.
The ingot was remelted several times to assure high homogeneity and annealed
at 900◦C for 3 days and then quenched in ice water mixture. This prepared
ingot was used for further measurements.
5.3.1 Scanning Electron Microscopy
Fig. 5.10 shows the SEM image of Ni1.8Mn1.8In0.4 at RT. SEM image reveal that
the sample is single phase with a homogeneous composition distribution. SEM
image has some black dots which represents the unreacted Mn. The composition
analysis was done by EDAX which turns out to be Ni1.8Mn1.8In0.4 as an average
from dierent parts of the SEM image.
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Figure 5.10: RT SEM image of Ni1.8Mn1.8In0.4. The black arrows indicate
the areas where the composition was analyzed in detail.
Figure 5.11: Field cooled cooling (FCC) and Field cooled warming (FCW)
magnetization measurements M(T ) curves at 0.01 T for Ni1.8Mn1.8In0.4.
Inset shows the rst-order derivative of magnetization with temperature.
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5.3.2 Magnetization Measurements
Fig. 5.11 shows the M(T ) curve of Ni1.8Mn1.8In0.4 at low magnetic eld of
0.01 T for FCC and FCW protocols. On cooling, the material undergoes the
direct transformation from martensite to austenite phase, whereas, the reverse
transformation from martensite to austenite takes place on heating. Inset in
Fig. 5.11 shows the rst-order derivative of magnetization with temperature
which was used to calculate the characteristic temperatures: austenite start
(As = 277 K), austenite nish (Af = 309 K), martensite start (Ms = 307 K)
and martensite nish (Mf = 260 K) upon heating and cooling respectively and
Curie temperature TC of 316 K. The calculated thermal hysteresis width from
these characteristic temperatures come out to be 9.5 K which is smaller than
the reported parent compound Ni2Mn1.4In0.6 from previous studies [12, 29, 142].
A small thermal hysteresis in Ni1.8Mn1.8In0.4 motivated us to measure the
isothermal magnetic entropy change ∆SM in static magnetic eld. To do this,
the temperature dependence of the magnetization, M(T ), measured at vari-
ous magnetic elds upon heating and cooling in the vicinity of the martensitic
phase transition is shown in Fig. 5.12. Inset in Fig. 5.12 shows the shift of the
martensitic phase transition towards lower temperatures. The magnetic eld
stabilizes the ferromagnetic austenite phase. The martensitic transition tem-
perature shifts around 2 K as the magnetic eld changes from 0.1 to 5 T.
Fig. 5.13 shows theM(H) data for fcc and fcw at three dierent temperatures,
indicating that it is possible to induce the reverse martensitic transition by ap-
plication of a magnetic eld. These M(H) curves show that a magnetic eld of
14 T is sucient to observe a completed transition. Before reaching the target
temperature, for each M(H) measurement, the sample was overheated to the
austenite phase (350 K) to complete martensite phase (100 K) in zero magnetic
eld and then heated up to the target temperature. This protocol assure that
the sample is always in the fully martensite state, initial state and we can ex-
clude any inuence of hysteresis eects on these M(H) curves. At 265 K, the
inexion point in M(H) curve indicates that a critical eld of 20 T is sucient
for inducing the martensitic transition from the martensite to the austenite [29].
The sample is transformed back to the martensitic state by removing the mag-
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Figure 5.12: Isotherms M(T ) of Ni1.8Mn1.8In0.4 at magnetic eld of 0.1 to
5 T FCC and FCW are represented by solid and dashed lines respectively.
Inset shows the shift of martensitic transition temperature with magnetic
eld.
netic eld. Note, for temperature close to the austenite transition temperature
at TA, a small part of the sample remains in the austenitic phase after removing
the magnetic eld. These M(H) curves give a hysteresis of 2 − 3 T between
critical elds upon increasing and decreasing the magnetic eld. The critical
eld, HA(T ) decreases upon increasing the temperature toward TA.
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Figure 5.13: IsothermsM(H) of Ni1.8Mn1.8In0.4 at dierent temperatures for
FCC and FCW by applying a static magnetic eld of 14 T.
5.3.3 Isothermal Entropy Change from M(T)
Measurements
In the next step, the isothermal entropy change ∆SM was calculated fromM(T )












The value of ∆SM, calculated from theM(T ) curves, measured upon heating and
cooling is found to be almost the same and exhibits a peak around the austenite
to martensite transition temperature. Negative value of ∆SM, occurs because
of the Curie temperature. The maximum value of ∆SM is exemplied in inset
of Fig. 5.14. A smaller thermal hysteresis of 9.5 K and similar value of ∆SM
for both heating and cooling in Ni1.8Mn1.8In0.4 may show an improved cofactor
98
5.3 MCE in Ni1.8Mn1.8In0.4
Figure 5.14: Isothermal magnetic entropy change ∆SM of Ni1.8Mn1.8In0.4 cal-
culated from M(T ) curves upon heating (open circles) and cooling (closed
circles). Inset shows both heating and cooling curves of ∆SM on an ex-
panded scale around the martensite transition.
condition of crystallographic change at martensite phase transition [33, 64].
5.3.4 Temperature Dependent Synchrotron XRD
The austenite phase has cubic structure in Fm-3m space group with cell pa-
rameter a = 6.00482 Å [see Fig.5.15]. Inset in Fig. 5.15(a) shows the excellent
t for the main peak. At 115 K, The martensite phase has more numbers of
Bragg reections, indicating that the structure is no longer cubic. These re-
ections cannot be indexed by tetragonal, monoclinic or orthorhombic crystal
systems. In the literature, for Ni-Mn based Heusler compounds, these type of
complicated diraction patterns have been reported as modulated structures
[55, 132]. Therefore, this diraction pattern was further analyzed taking into
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Figure 5.15: SXRPD in austenite and martensite region for Ni1.8Mn1.8In0.4
. Inset shows the t for main peak on an expanded scale. Arrows in (b)
represent the satellite reections in the martensite phase.
account both main and satellite reections. A careful analysis of all Bragg re-
ections present in the martensite phase of Ni1.8Mn1.8In0.4 shows that it has
a modulated monoclinic structure (S.G. I2/m) with rened lattice parameters
a = 4.4299 Å, b = 5.5972 Å, c = 13.2897 Å and β = 93.1993◦. The presence of
satellite reections have been shown in inset of Fig. 5.15(b) on expanded scale.
The martensite phase has found to be similar to 3M modulation reported in our
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previous study for Ni2Mn1.4In0.6 [55]. These unit cell parameters of both austen-
ite and martensite phases were used to calculate the transformation matrix U
for the modulated monoclinic structure. From this transformation matrix U,
one can obtain all three eigenvalues of the matrix U. The middle eigenvalue of
the matrix is 1.0006, which is almost close to one (|λ2−1| = 0.0006) with 0.06%
deviation from unity. The deviation of λ2 value is smaller than the previous re-
ported shape memory compounds [12, 33, 65]. A detailed comparison of thermal
hysteresis and middle eigenvalue has been given in the table 5.1. Therefore, it
turns out that Ni1.8Mn1.8In0.4 follows the cofactor condition for cubic austenite
to monoclinic martensite [33, 67].
Table 5.1: A comparison of the thermal hysteresis and middle eigenvalue for
dierent shape memory compounds [12, 65, 158, 159]






5.3.5 Magnetostriction Measurement in Pulsed Magnetic
Field
The magnetostriction measurement was done in 20 T pulsed magnetic eld at
dierent temperatures from 260 to 350 K. To avoid the magnetic inhomogeneous
state, each measurement was done by heating the sample above the austenite
state and then undercooled the martensite state before reaching the target tem-







Where, l0 is the initial length before the pulse applies [154]. The relative length
change as a function of magnetic eld at dierent temperatures are shown in
Fig. 5.16. At 350 K, the sample is in fully austenite phase and there is no
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Figure 5.16: The relative length change of of Ni1.8Mn1.8In0.4 as a function of
magnetic eld at dierent temperatures.
signicant change in sample length by applying the magnetic eld. At lower
temperatures (250, 260 and 270 K) below As, magnetic eld induces the tran-
sition from martensite to austenite. Initially, the sample compresses and then
expands to a relative length change of 0.3%. The cubic structure of austenite
phase possesses a larger volume than the monoclinic martensite structure. This
eect is reversible and a larger value is obtained in comparison to the other
Ni-Mn based MSM Heusler compounds [120, 154, 156]. This initial compression
occurs because of the re-orientation of martensite variant as a preparation to
the structural transition. At As <280 K, some austenite is always present in the
sample, which can be clearly seen in theM(H) curve. This amount of austenite
phase prohibits the initial compression and a relatively larger change of sam-
ple length is obtained. As we go to the lower temperature (Ti < Mf), around
280 K, magnetic eld induces the transition but after removing the magnetic
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Figure 5.17: The time dependence of ∆Tad measured at dierent sample tem-
peratures for a magnetic-eld pulse of 20 T. Inset shows the variation of
maximum value of adiabatic temperature change for Ni1.8Mn1.8In0.4 mea-
sured in 20 T pulsed magnetic elds. Each measurement was preceded by
heating up the sample to the fully austenitic phase and then cooling down
to the completely martensitic phase before approaching the measurement
temperature.
eld, the sample does not transform back to the complete martensitic phase and
a remanent expansion value of around 0.2% is observed.
5.3.6 Adiabatic Temperature Change in Pulsed Magnetic
Field
Direct adiabatic temperature change was measured near real operational con-
ditions in pulsed magnetic elds up to 20 T, which provide us a comprehensive
access to the dynamic MCE and the high-eld properties of materials with rst-
and second-order phase transitions. As expected, a conventional MCE was ob-
served around the Curie temperature in the austenitic phase (see the data at
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Figure 5.18: Time dependence of ∆Tad measured at 265 K for Ni1.8Mn1.8In0.4
by applying a magnetic eld of 20 T at three dierent pulses.
350 K in Fig. 5.17). After removing the magnetic eld (down sweep) the sam-
ple reaches again the initial temperature, which is a strong proof of reversible
MCE. However, for temperatures below the martensitic transition, the initial
state cannot be reached when the magnetic eld is removed and the sample ends
up in a mixed state which is magnetically dierent from the initial one. Conse-
quently, the observed ∆Tad is reduced as can be seen clearly at 270 and 280 K.
The observed irreversibility for temperatures below the martensitic transition
has been widely studied as a unavoidable character of every rst-order transi-
tion. But the outstanding spot in these measurements is the reversible behavior
of ∆Tad at 260 and 265 K in the lower part of hysteresis region. Obviously
(see Fig. 5.11) these temperatures sit within the hysteretic region. Yet ∆Tad at
these two temperatures are completely reproducible like in case of 350 K. Inset
in Fig. 5.17 shows the variation of ∆Tad with magnetic eld. The maximum
value of ∆Tad is ≈ 10 K at 265 and 270 K sample temperature.
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Figure 5.19: The time dependence of ∆Tad measured at 265 and 272 K of
Ni1.8Mn1.8In0.4 by applying a magnetic eld of 50 T.
Fig. 5.18 shows the obtained ∆Tad as a function of time at Ti = 265 K
for a 20 T magnetic eld pulse. This temperature sits within the hysteretic
region. However, ∆Tad is completely reproducible like in case of 350 K. Just to
be sure we double-checked it by measuring ∆Tad in two subsequent magnetic
eld sweeps for 265 K. According to our data MCE is completely reversible
as it comes back to the starting temperature after removing the magnetic eld.
Moreover, a 50 T pulse was applied to measure the adiabatic temperature change
in Ni1.8Mn1.8In0.4. The maximum value of ∆Tad at 50 T pulse is ≈10 K. This
value of ∆Tad is same as 20 T pulse, which conrms that 20 T magnetic eld
was sucient to induce the reverse martensitic transition from martensite to
austenite.
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5.3.7 Summary
A strategy for reducing hysteresis at the martensite phase transition is sug-
gested by using crystallographic theory of martensite and successively applied
using compositional variation in non magnetic materials showing martensite
transformation [33]. This strategy has been applied to Ni1.8Mn1.8In0.4 MSM
Heusler compound which gives a very small value of thermal hysteresis ≈ 9.5 K
in comparison to other MSM Heusler compounds [12, 29, 142, 143]. The re-
duction of thermal hysteresis results in same value of ∆SM for FCC and FCW.
Similar value of ∆SM indicates the improved cofactor condition (λ2 = 1) which is
found very close to unity (1.0006) and deviates only 0.06%. Following this, eld
induced magnetostriction and adiabatic temperature change was measured in
pulsed magnetic eld. The relative length change of around 0.3% was observed
at three dierent temperatures 260, 265 and 270 K. The reversible adiabatic
temperature change ∆Tad of -10 K was observed in the lower part of hysteresis
region at 265 K by applying a magnetic eld of 20 T. It was conrmed by apply-
ing three pulses. Furthermore, ∆Tad of -10 K was observed by applying a pulse
of 50 T, conrms that 20 T was high enough to induce the reverse martensitic
transition.
106
6 Minimizing hysteresis in
Ni2+xMn1−xZ(Z= In) Heusler
compounds
This chapter gives a detailed analysis of minimizing hysteresis under hydrostatic
pressure in Ni-Mn based MSM Heusler compounds. Large MCE in MSM Heusler
compounds put them forward as ecient materials for magnetic refrigeration.
However, irreversibility due to the hysteresis of rst-order phase transition made
them challenging for the magnetic refrigeration. Therefore, minimizing hystere-
sis is essential in order to improve the reversibility with successive magnetic
eld cycle. Under the application of hydrostatic pressure, sample composition
remains unaected without altering the change in electron count and structural
disorder. Hydrostatic pressure reduces thermal hysteresis by approaching the
GCC (explained in chapter 2) for phase transforming MSM Heusler compounds.
6.1 Inuence of Pressure
The MCE can be inuenced by chemical (substitution of interstitial element)
as well as physical (hydrostatic) pressure [12, 112]. The substitution or dop-
ing of interstitial elements change the interatomic distance as well as magnetic
interaction. Chemical pressure tunes the magnetic and crystallographic phase
transition temperatures, which can aect the MCE. It can also be used to coin-
cide both magnetic and crystallographic transition temperature, giving rise to
coupled rst-order transition temperature. An example of both eect can be
seen in Mn-Co-Ge compounds [160]. Thus, chemical pressure is an invaluable
tool to tune as well as to create magnetoelastic and magnetostructural coupling
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[112].
Another way to aect the MCE is the use of physical pressure by chang-
ing interatomic distance and magnetocrystalline coupling [81, 161]. Unlike its
chemical counterpart, physical pressure retains the composition, purity and
shape of sample without suering from the parasitic eects which originates
in the substitution [12, 28]. The hydrostatic pressure eect was studied on
Ni45.7Co4.2Mn36.6In13.5 MSM Heusler compound. The magnetization measure-
ment of Ni45.7Co4.2Mn36.6In13.5 shows that the martensitic transition shifted to
higher temperature in the presence of hydrostatic pressure [28]. Gottschall et al.
[28] had focused only to bring the martensitic transition near RT. In the thesis,
the attention was paid to reduce the hysteresis under hydrostatic pressure for
improving the reversibility of MCE.
6.2 Sample Preparation and Initial
Characterization
Polycrystalline ingots of composition Ni2Mn1.4In0.6 and Ni1.8Co0.2Mn1.4In0.6 were
prepared from high purity elements of Ni, Co, Mn and In with 3% excess of
Mn by arc melting (repeated several times after ipping the button to ensure
homogeneity) and subsequent annealing in a quartz ampoule under Ar atmo-
sphere and quenched in an ice water mixture. The annealing temperature and
time were 973 K for 72 hours and 1173 K for 24 hours for Ni2Mn1.4In0.6 and
Ni1.8Co0.2Mn1.4In0.6, respectively and initially characterized by SEM. Both sam-
ples are single phase. The nal composition turns out to be same as initial
composition in both samples from EDAX measurement.
6.3 Pressure Dependent Magnetization of
Ni2Mn1.4In0.6
At atmospheric pressure, Ni2Mn1.4In0.6 show the martensitic transition TM =
272 K from austenite to martensite during cooling while the reverse transition,
occurs at TA = 283 K from martensite to auustenite and gives a thermal hys-
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Figure 6.1: Field cooled heating and cooling magnetization measurements by
applying a magnetic eld of 0.01 T for Ni2Mn1.4In0.6 at dierent pressures.
teresis of approximately 11 K because of the rst-order nature of martensitic
transition as shown in Fig. 6.1. Hydrostatic pressure stabilizes the antiferro-
magnetic martensite phase and shifts TM to a higher temperature of 2.8 K/kbar.
These values agrees well on similar compositions, reported in literature [96, 153].
The application of hydrostatic pressure decreases the hysteresis linearly to about
34% (7.3 K for P = 9 kbar) from its original value (11 K at P = 0 kbar) with
a rate of 0.46 K/kbar with increasing pressure (see Fig. 6.2). Curie tempera-
ture TC is also found to shift towards to higher temperatures with increasing
pressure but with a slower rate of 0.24 K/kbar of the martensitic tranistion,
in an excellent agreement with the literature [156]. If the shift of the transi-
tion temperatures (TM and TA) for both the martensite and ferromagnetic to
paramagnetic austenite transitions may continue as the same bove 10 kbar with
increasing pressure, then we estimate that the two transitions should merge at
around 15 kbar for this compound and this hysteresis should vanish at approx-
imately 24 kbar [155]. Fig. 6.2 shows the variation of thermal hysteresis with
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Figure 6.2: Thermal hysteresis of magnetostructural martensitic phase tran-
sition as a function of pressure for Ni2Mn1.4In0.6.
pressure which is almost linearly decreases as pressure increases. The decrease
in thermal hysteresis with pressure suggests that the austenite martensite phase
compatibility is enhanced under hydrostatic pressure [66, 153].
6.4 Pressure Dependent XRD of Ni2Mn1.4In0.6
To study the GCC, XRD was done under hydrostatic pressure in both austenite
and martensite phase. Prior to XRD, Ni2Mn1.4In0.6 ingot was grounded into
powder and annealed at 973 K for 10 hours followed by quenching into ice
water mixture to remove residual stress. The annealed powder was sieved under
10 µm in particle size. Fig. 6.3 shows the XRD pattern in austenite phase
at 320 K for 4 dierent pressures. The experimental condition about XRD
is described in chapter 3. The structure is cubic in austenite phase and can
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Figure 6.3: Pressure dependent XRD in austenite phase at 320 K for
Ni2Mn1.4In0.6.
be successfully rened with L21 (space group Fm-3m) cubic structure. Thus,
these XRD patterns conrms that the cubic structure is not aected with the
hydrostatic pressure and remains all over the same with and without pressure
[53, 55]. XRD patterns were also taken in martensite phase at 240 K with the
same pressure values as in the austenite phase. At 240 K, more number of
Bragg reections appear which indicates that the structure is no longer cubic
and can be succesfully rene with 3M modulated structure [55]. Fig. 6.4 shows
the modulated structure in the martensite phase for Ni2Mn1.4In0.6. At 0.6 kbar
there is a peak from sample holder indicated by red star which becomes invisible
at high pressure value. Le Bail renement was done to calculate the lattice
parameter of both austenite and martensite phase. Fig. 6.5 and 6.6 shows the
variation of lattice parameters, volume and monoclinic angle with pressure. The
lattice parameters of monoclinic phase am and cm were normalized for comarison
with cubic phase and decreases with pressure. Similarly, the volume of cubic
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Figure 6.4: XRD for Ni2Mn1.4In0.6 in martensite phase at 240 K for dierent
pressures. Red star represents the peak due to sample holder.
and monoclinic phase also decreases with pressure while the monoclinic angle β
is found to be nonlinear upon the increase of the applied pressure.
The GCC for monoclinic martensite structure is quantied by the middle
eigenvalue λ2 of the transformation stretch matrix U which is obtained from
the lattice parameter of both austenite and martensite phase. Fig. 6.7 shows
the middle eigenvalue variation at dierent pressure. It shows the similar trend
as the thermal hysteresis and approaches increasingly closer to 1 with increasing
pressure. These results conrm that decrease in thermal hysteresis results from
the improved GCC between austenite and martensite phase.
The eect of hydrostatic pressure was studied not only on the thermal hys-
teresis but also on the latent heat of the transition because of the energy barrier
itself as reported by Zhang et al. [66] in composition tuned λ2 study. The clau-
sius clapeyron equation was used to calculate the latent heat of the structural
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Figure 6.5: Lattice parameter variation of Ni2Mn1.4In0.6 for cubic and mon-











Where, ∆St : Entroy change due to the structural phase transition in the ab-
sence of eld,
∆V/V : Relative volume change at the phase transition,
∂Tt
∂P
: Shift of the phase transition with pressure at a given eld, and
ρ : Density of the material.
The density of material for Ni2Mn1.4In0.6 is given by ρ = 8.231× 103 Kgm3 . By
using equation 6.1, one can calculate ∆St. Since, ∆St = LTt , where L is the la-
tent heat and Tt is transition temperature. Thus, latent heat can be calculated
from the high pressure XRD and magnetization data. Since, both cooling and
heating transitions shift at dierent rates with pressure, and thus have dierent
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Figure 6.6: Volume and monoclinic angle of Ni2Mn1.4In0.6 as a function of
pressure.
transition temperatures Tt. It reects a dierent energy barriers and latent heat
at the transition depending on the direction it is crossed. As, the transition tem-
perature Tt is dierent at dierent pressure for heating and cooling transitions.
So, two sets of latent heat (cooling and heating) are obtained which decreases
with increasing pressure. It indicates that the energy barrier between austenite
and martensite phase is decreased.
The enhanced compatibility between austenite and martensite phase under
hydrostatic pressure can also be understood from the isothermal compressibil-
ity of the individual phases from structural point of view. The isothermal
compressibility (β) calculates from the structural parameter of both austen-
ite and martensite phase and turns out to be βaus = 1.003 × 10−3 Kbar−1 and
βmar = 0.957×10−3 Kbar−1, respectively. A slightly larger value of β for austen-
ite phase indicates that the austenite phase is more compressible in compare to
the martensite phase. It makes the lattice parameter mismatch smaller and
both phases more compatible with increasing pressure by bringing λ2 closer to
unity.
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Figure 6.7: middle eigenvalue for Ni2Mn1.4In0.6 as a function of pressure.
6.5 Generalization of Hydrostatic Pressure
Hydrostatic pressure reduces the thermal hysteresis, which is essential in or-
der to achieve MSM and consequently, a reversible MCE. The lower thermal
hysteresis and latent heat of rst-order phase transition makes the MCE more
reversible and consequently, lower energy cost and more ecient for perspective
applications. It can be elaborated as in case of magnetic refrigeration based
on MCE, the refrigeration capacity (amount of heat that can be extracted) is
given by the area below the entropy change vs. temperature curve. However,
using a material which shows the rst- order phase transition in a refrigeration
cycle, it can be quantied as the area of the overlap between the entropy change
vs. temperature curves measured on heating/cooling or application/removal of
the magnetic eld, which are separated by thermal/eld hysteresis [157]. Thus,
minimizing thermal hysteresis creates a larger overlap and so that maximize the
refrigeration capacity in this compound.
In order to check that the phase compatibility under hydrostatic pressure is
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Figure 6.8: Latent heat during heating and cooling of Ni2Mn1.4In0.6 with
pressure.
valid only for Ni2Mn1.4In0.6 or applicable to all Ni-Mn based MSM Heusler com-
pounds. The magnetization under hydrostatic pressure was measured for other
compound Ni1.8Co0.2Mn1.4In0.6. Similar to Ni2Mn1.4In0.6, Ni1.8Co0.2Mn1.4In0.6
also shows martensitic phase transition from cubic austenite to modulated mon-
oclinic martensite with an approximate thermal hysteresis of 28 K. The GCC
for Ni1.8Co0.2Mn1.4In0.6 was calculated from NPD.
6.6 Pressure Dependent Magnetization of
Ni1.8Co0.2Mn1.4In0.6
Ni1.8Co0.2Mn1.4In0.6 shows the rst-order phase transition at 200 K from fer-
romagnetic cubic austenite to antiferromagnetic 3M modulated monoclinic
martensite structure with an approximate thermal hysteresis of 28 K. The mag-
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Figure 6.9: Field cooled heating and cooling magnetization measurements by
applying a magnetic eld of 0.01 T for Ni1.8Co0.2Mn1.4In0.6 at dierent
pressures.
netization (FCC and FCW) measurements were done on Ni1.8Co0.2Mn1.4In0.6
by applying a magnetic eld of 0.01 T at dierent pressures as shown in Fig.
6.9. Fig. 6.10 shows the variation of thermal hysteresis with pressure for
Ni1.8Co0.2Mn1.4In0.6. Thermal hysteresis decreases as the pressure increases.
However, the decrease in thermal hysteresis was non linear.
6.7 Neutron Powder Diraction of
Ni1.8Co0.2Mn1.4In0.6
Fig. 6.11 shows the NPD pattern for Ni1.8Co0.2Mn1.4In0.6 in the austenite
(300 K) and martensite (2 K) phase. NPD was collected at the D2B high-
resolution neutron powder diractometer (ILL, Grenoble). The data was taken
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Figure 6.10: Thermal hysteresis of magnetostructural martensitic phase tran-
sition as a function of pressure for Ni1.8Co0.2Mn1.4In0.6.
on powder sample by using a neutron wavelength of 1.59 Å in the high-intensity
mode. The powder sample was loaded in a vanadium cylindrical sample holder.
The lattice parameters of the powder diraction patterns were calculated from
Le Bail renement using the JANA2006 software package [58]. The obtained
lattice parameters are a = 5.9893 Å at 300 K in the austenite phase and
a = 4.4022 , b = 5.5407 , c = 4.3216 and β = 94.2410◦ at 2 K in mono-
clinic martensite phase. The deformation matrix 2.18 is calculated from these
lattice parameters. Following this, the middle eigenvalue λ2 of the transforma-
tion comes out to be 0.9899, which is very close to 1. Thus, Ni1.8Co0.2Mn1.4In0.6
satisfy the GCC for cubic austenite to monoclinic martensite structure.
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Figure 6.11: Neutron diraction pattern in the austenite (300 K) and marten-
site phase (2 K) of Ni1.8Co0.2Mn1.4In0.6 in upper and lower panel respec-
tively.
6.8 Summary
Pressure dependent magnetization was done on Ni2Mn1.4In0.6 and
Ni1.8Co0.2Mn1.4In0.6 MSM Heusler compounds which reveals that the thermal
hysteresis across the martensitic transition decreases with a shift of martensite
transition temperature TM towards to higher temperature upon the application
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of hydrostatic pressure. Pressure dependent XRD for Ni2Mn1.4In0.6 was done to
investigate the origin of this behavior which reveals that both the lower latent
heat and hysteresis minimization with pressure are linked because of increas-
ingly GCC. The increase in pressure more closely satises λ2 = 1 condition.
Lattice parameters of austenite and martensite phase result in a value of λ2 =
1.0070 for Ni2Mn1.4In0.6 deviates by 0.7% , while Ni1.8Co0.2Mn1.4In0.6 gives a
value of λ2 = 0.9899 with a deviation of approximately 1% from unity. These
studues show that hydrostatic pressure eect on Ni1.8Co0.2Mn1.4In0.6 is even
more drastic in comparison to Ni2Mn1.4In0.6. The cooling and heating phase
transition temperatures of Ni1.8Co0.2Mn1.4In0.6 in comparison to Ni2Mn1.4In0.6
are much more sensitive to pressure and shifts to higher temperature with
a higher rate of 6.8 K/kbar and 8.4 K/kbar respectively. These values are
much larger than those reported by Liu et al. [12] for the same composition.
Consequently, thermal hysteresis of Ni1.8Co0.2Mn1.4In0.6 decreases by half of
the ambient pressure value upon application of 10 kbar (28.7 K for P = 0 and
14.3 K for P = 10 kbar) which demonstrates that this behavior is more widely
found in Ni-Mn based MSM Heusler compounds. These results show that
the GCC between austenite and martensite phase at martensitic transition in
MSM Heusler compounds can be tuned and enhanced under the application of
hydrostatic pressure. These studies underlines that hydrostatic pressure is an
external parameter to overcome the large hysteresis and energy barrier problem
in phase transforming MSM Heusler compounds aiming at applications in
magnetic refrigeration.
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In this work, the martensitic transition of Ni-Mn based MSM Heusler com-
pounds was investigated with regard to the modulated structure and magne-
tocaloric properties. Among the large variety of MSM Heusler compounds, the
modulated structure was investigated in Ni2Mn1.4In0.6 and Ni1.9Pt0.1MnGa from
SXRPD and NPD analysis. The MCE was measured for the optimized compo-
sitions of Ni2.2Mn0.8Ga and Ni1.8Mn1.8In0.4 in pulsed magnetic eld. These com-
pounds exhibit almost reversible behavior because of the reduction of hysteresis
from the parent compositions Ni2MnGa and Ni2Mn1.4In0.6. A strategy of chemi-
cal pressure was used to reduce the hysteresis. In addition to that the hysteresis
reduction was found by applying physical pressure also in o- stoichiometric
Ni2Mn1.4In0.6 and Ni1.8Co0.2Mn1.4In0.6 MSM Heusler compounds. Both chem-
ical and physical pressure reduces thermal hysteresis because of the improved
GCC by enhancing the compatibility of austenite and martensite phases.
The main conclusions are as follows:
 This thesis investigate the modulated structures of Ni2Mn1.4In0.6 and
Ni1.9Pt0.1MnGa by two existing models: adaptive phase model and soft
phonon model. The modulated structure was studied rst from Le Bail
renement of high resolution SXRPD and NPD patterns in the austenite
and martensite phases using (3+1)−D superspace formalism. After that,
Rietveld renement was done. Due to uniform displacement of atoms,
Ni2Mn1.4In0.6 follow the adaptive phase model [55]. NPD of Ni2Mn1.4In0.6
shows that at low temperature, the magnetic structure of the martensite
phase is anitisite disordered antiferromagnetic. Here, two Mn atoms at two
dierent crystallographic positions are antiferromagnetically coupled. Fur-
thermore, the uniform displacement in Ni2Mn1.4In0.6 was also supported
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by HRTEM. In contrast to Ni2Mn1.4In0.6, Ni1.9Pt0.1MnGa shows the robust
Bain distortion in the premartensite phase from high resolution SXRPD
data. The austenite to martensite transition occurs in three intermediate
steps: (i) First transition arises from cubic austenite to 3M like incom-
mensurate modulated premartensite phase (T1) by preserving the cubic
austenite symmetry with negligible Bain distortion. (ii) Second transition
is from 3M like incommensurate modulated premartensite phase (T1) to
3M like incommensurate modulated premartensite phase (T2) with robust
Bain distortion by preserving the superspace group symmetry. (iii) Fi-
nal transition is from 3M like incommensurate modulated premartensite
phase to the 7M like incommensurate modulated martensite phase. Thus,
a small substitution of Pt in Ni2MnGa facilitates a gradual increase in Bain
distortion by maintaining an invariant habit plane requirement all through
the three transitions until the martensite phase is formed. The origin of
modulation in Ni1.9Pt0.1MnGa is related to a TA2 soft acoustic phonon
mode of the austenite phase [166]. These studies will help to understand
the origin of modulation in Ni-Mn based MSM Heusler compounds.
 To check reversibility, a comprehensive study of MCE (∆SM and
∆Tad) was done on two MSM Heusler compounds Ni2.2Mn0.8Ga and
Ni1.8Mn1.8In0.4 due to the lower thermal hysteresis in comparison to the
previous study. Ni2.2Mn0.8Ga undergoes cubic austenite to tetragonal
martensite transition with a thermal hysteresis of 5 K. The isothermal
entropy change ∆SM was calculated from M(H) measurements using two
dierent protocols, which acquires the same value of ∆SM, indicating the
reversible behavior. These M(H) measurements also show that a eld
of 6 T was high enough to induce the martensite transition. Therefore,
∆Tad was calculated up to 6 T in pulsed magnetic eld. A complete re-
versible behavior of ∆Tad was observed below, above and within the hys-
teresis region. This reversible behavior was attributed because of closer
GCC (|U| = 1.0012) of cubic austenite to tetragonal martensite phase
i.e. small volume change between two phases [68]. Ni1.8Mn1.8In0.4 exhibit
smaller thermal hysteresis of 9.5 K in comparison to the most studied o-
stoichiometric Ni2Mn1.4In0.6 MSM Heusler compound [143, 144, 148, 154].
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The isothermal entropy change ∆SM calculated from heating and cooling
M(T ) curves also exhibits same maxima of ∆SM untill 5 T. An improved
reversible behavior of magnetostriction and adiabatic temperature change
was also found at three dierent temperatures, which lies in hysteresis re-
gion due to the improved GCC i.e. (|λ2 − 1| = 0.0006) of cubic austenite
to modulated monoclinic martensite phase.
 Hysteresis reduction was also found by applying hydrostatic pressure.
The pressure dependent magnetization experiments were performed in
Ni2Mn1.4In0.6 and Ni1.8Co0.2Mn1.4In0.6 MSM Heusler compounds which
show that the thermal hysteresis is linearly decreased across the marten-
site transition upon the application of hydrostatic pressure. In addition,
latent heat also decreases with pressure. The origin of decrement in ther-
mal hysteresis was investigated from high pressure XRD. It reveals that
both thermal hysteresis and latent heat decrease with pressure because
of a close satisfaction of GCC. These results conclude that GCC between
austenite and martensite phase can be tuned and enhanced by physical
pressure [155]. The present study underlines the importance of pressure
as an external parameter to overcome the large hysteresis and energy bar-
rier problem in phase transforming MSM Heusler compounds aiming at
applications in magnetic refrigeration.
These results stimulate further studies of modulation in MSM Heusler com-
pounds and underline the importance of superspace group analysis of the dirac-
tion data to understand the physics of modulation in these compounds. In view
of the fact that large MCE and MFIS are intimately linked with the existence
of modulated structure. It is shown that chemical and physical pressure are in-
valuable tools not only to tune the transition temperature but also to reduce the
thermal hysteresis by changing magnetic interaction and thus the interatomic
distances. The concept of GCC illustrates how the thermal hysteresis can be
reduced in magnetocaloric materials in order to improve the reversibility. This
reversibility in cyclic process could enhance the sustainability and reduce the
cost of magnetocaloric materials aiming at applications in magnetic refrigera-
tion.
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In this thesis, it was demonstrated that how the modulated structure can be
manipulated via the chemical composition and atomic substitution. The lower
twinning stress of modulated structure results in an easy movement of the mate-
rial from austenite to martensite and so that it can improves the reversibility of
MCE. Therefore, the modulated structure should be studied in these materials
carefully.
A small substitution of Pt in Ni2MnGa changes the modulated structure.
However, brittleness and low temperature martensite transition temperature
limits its technological applications. Therefore, It will be interesting to study
the modulated structure for higher amount of Pt substitution in Ni2MnGa.
There is need to perform the temperature dependent behavior of modulation
vector for the material Ni2Mn1.4In0.6 that show adaptive phase model to see
that either the incommensuarute wave vector of uniform atomic displacemen
lock into commensurate phase or it remain incommensurate.
Based on the nding that the hysteresis reduction can be done by satisfying
GCC of two crystallographic phases. In this work, GCC was studied only for
two transformation from cubic austenite to tetragonal martensite and cubic
austenite to monoclinic martensite. It would be interesting to study the other
martensitic transformation such as cubic austenite to orthorhombic martensite.
The pressure dependent magnetization studies show the reduction of hysteresis
and follows the GCC. Therefore, MCE measurements should also be done under
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Appendix
Table 7.1: An overview of the prepared and investigated single phase Heusler
compounds, which are not presented in this thesis. The stoichiometry, opti-
mized condition and their martensitic transition temperature are specied.
Material Optimized condition martensite temperature TM (K)
Ni2MnGa 900◦C - 72h - wq 210
Ni1.9Pt0.1MnGa 900◦C - 72h - wq 250
Ni1.8Pt0.2MnGa 900◦C - 72h - wq 240
Ni1.7Pt0.3MnGa 1000◦C - 72h - wq 270
Ni2Cu0.1Mn1.3In0.6 1000◦C - 24h - wq 280
Ni2Cu0.2Mn1.2In0.6 1000◦C - 24h - wq 290
Ni2Cr0.1Mn1.3In0.6 900◦C - 24h - wq 270
Ni2Cr0.2Mn1.2In0.6 900◦C - 24h - wq 250
Ni2Cr0.3Mn1.1In0.6 900◦C - 24h - wq 210
Ni2Cr0.4Mn1In0.6 900◦C - 24h - wq 200
Ni1.8Co0.2Cr0.2Mn1.28In0.52 900◦C - 24h - wq 230
Ni2Pt0.1Mn1.3In0.6 1000◦C - 72h - wq 270
Ni2Pt0.2Mn1.2In0.6 1000◦C - 72h - wq 260
Ni1.72Co0.28Mn1.52Sb0.48 850◦C - 24h - wq 230
Ni1.76Co0.24Mn1.52In0.48 850◦C - 24h - wq 260
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